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Abstract
This study has extended the development of an exciting technology which promises to enable the
Pb-Bi eutectic cooled reactors to operate at temperatures up to 650-700'C. This new technology
is a functionally graded composite steel which resists high temperature LBE corrosion. This
composite steel consists of a Fel2Cr2Si protective layer weld overlaid on a T91 steel and then
drawn to fuel cladding and piping material. A series of tests and materials analysis were
performed on the composite piping material. These tests / analysis included microstructural
characterization, heat treatment optimization, creep and tensile testing, diffusion testing, and
long term static corrosion tests. Although the composite fuel cladding was not available at the
time of this study, all of the results from the piping material characterization are directly
applicable to the fuel cladding material.
It has been shown that the heat treated composite piping material exhibits mechanical properties
in excess of the ASTM minimum standard for T91. This material also exhibits a conservative
corrosion rate of< 22pm/yr in static Pb-Bi eutectic. This low corrosion rate will enable fuel
cladding to have a 3.6 year lifetime and piping material a 36 year lifetime, if the static corrosion
rate is equivalent to the flowing corrosion rate. This material has also been shown to have a very
slow diffusion rate for chromium, with a chromium inter-diffusion zone of < 35um over the
lifetime of the nuclear reactor. There still however exist several challenges to implementing this
technology. The challenges include resolving the issue of cracking of the Fel2Cr2Si layer during
tube drawing and increasing the high temperature stress / creep resistance of the structural T91
layer.
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Chapter 1 - Introduction + Background
1.1 Benefits of Pb and LBE cooled Nuclear Reactors
Fast reactors offer many advantages over light water reactors (LWR's). The primary advantage
of the fast reactor design is the use of liquid metal a coolant (Pb, Pb-Bi eutectic (LBE), Na etc...)
in the primary loop. The liquid metal coolants used in these reactors tend to have significantly
more attractive physical and thermal-hydraulic properties than more traditional coolants such as
water. These liquid metal coolants have the combined benefit of having higher thermal
conductivities and heat capacities than most other coolants. The high boiling points of liquid
metal coolants keep them in the liquid phase at high temperatures, reducing the need for a
pressurized primary loop. The higher atomic masses of liquid metal coolants make them very
useful for fast reactors, reflecting neutrons back into the reactor core while providing minimal
neutron moderation. This enables a smaller reactor design for a given level of flux, reducing the
amount of coolant and structural materials needed [1]. Perhaps most importantly, the superior
heat removal capabilities of liquid metal coolants lowers the required flow rate through the fuel
assemblies, allowing the coolant velocity for the removal of decay heat during reactor shut down
to be achieved by natural circulation alone. Designs such as the small sealed autonomous
transportable reactor (SSTAR) and some lead fast reactors (LFR's) use natural circulation [2]
while others such as the Lead-Alloy Cooled Advanced Nuclear Energy System (LACANES) use
forced convection [3] and do not require pumps in order to move the coolant through the core.
With the recent reactor failures at the Fukushima Daiichi nuclear power facility, much of the
world is questioning the safety of LWR based nuclear power generation. In the case of
Fukushima Daiichi, the reactor cores failed because of an inability to remove decay heat due to
loss of off-site power and flooding of the backup cooling systems [4]. The cooling capability of
liquid metal cooled reactors either in natural or forced convection makes them resistant to this
type of failure. Thus liquid metal cooled reactors are a needed technology to enhance the safety
of nuclear power generation and are a means to move nuclear power generation into its next
stage of development.
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1.2 Challenges to Building Pb and LBE cooled Nuclear Reactors
This thesis further develops an enabling technology for one liquid metal cooled advanced reactor
system: the DOE's Gen IV liquid lead or lead-bismuth cooled reactor. The primary factor
limiting the technological and economic viability of this reactor to date has been the corrosive
nature of the Pb and LBE coolant. This corrosion is especially severe in areas of high coolant
velocity, elevated temperature, and low oxygen potential. The corrosive nature of Pb and Pb-Bi
has placed an upper limit of 550C on the operating temperature of Pb and LBE cooled reactor
systems [5] [6]. To increase the effective operating temperature of the Pb and LBE cooled
reactor in order to extend reactor lifetime, this study looks to further develop a corrosion resistant
alloy that can operate at temperatures up to 700C.
The mechanism by which a structural material will corrode in lead and lead-bismuth is highly
dependent on the amount of dissolved oxygen within the coolant. Figure 1 below shows how the
corrosion behavior changes with oxygen content in lead. At oxygen concentrations less than 10
8, material loss occurs by liquid metal corrosion and dissolution. At oxygen concentrations
greater than 10-8, corrosion occurs by oxidation. This is why most Pb and LBE cooled reactors
tend to operate in the regime of 10-6 - 10-8 wt% dissolved oxygen concentration in the coolant.
Liquid
Metal Oxidation
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Figure 1: Diagram showing the corrosion behaviour of Cr-Steels in different oxygen regimes [7].
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In fast reactors, stainless steels (containing a significant fraction of nickel), are often used for
piping in the primary loop and as fuel cladding. Figure 2 below shows the solubility of Ni and
Cr in Pb, Bi, and LBE as a function of temperature.
Solubility of Cr and Ni vs. Temperature (0C)
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Figure 2: Solubility's of Ni and Cr at different temperatures in Pb, Bi, and LBE [8].
Figure 2 shows that as the temperature increases, the solubility of Ni and Cr in Pb, Bi, and LBE
increases. For pure bismuth the solubility of chromium is several atom percent at 700C. Other
metals have even higher solubility's. Nickel for example has a solubility of -10 wt% in lead-
bismuth eutectic at 700 C. Even a few atom percent Nickel in an alloy can cause it to become
subject to liquid metal attack and dissolution in lead and lead bismuth eutectic. Thus, at these
high temperatures, nuclear fuel cladding, containing metals with high solubility (such as Ni or
Cr), will be susceptible to degradation by dissolution. Without chromium or if the oxygen partial
pressure is too low the structural material will be unable to form an oxide barrier to resist
corrosion [9]. Thus a new alloy is being developed at MIT that can resist the selected dissolution
process and that can operate in low oxygen partial pressures [1] [10] [11].
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1.3 Development of a LBE Corrosion Resistant Alloy
For a structural alloy to be protected against Pb and LBE corrosion, it must either form a
protective layer / coating on its surface or be composed of elements with low solubility in Pb and
LBE. The coating can be either oxide based or, for very reducing conditions, could be a layer
containing elements that are insoluble in the coolant. In either case a barrier to
corrosion/dissolution is established. Lead and lead-bismuth eutectic have a finite solubility for
oxygen like most working fluids. These coolants are incompatible with most ferrous structural
materials due to a combination of low oxygen potential and high temperatures leading to the
breakdown of protective iron oxides. Figure 3 below shows the Ellingham diagram for
metal/metal oxide systems of interest in this study. Above each diagonal line the metal oxide is
more stable while below each line the metal is stable. One would prefer an oxygen partial
pressure in the coolant below the formation potential for Bi2O 3 and PbO but above the formation
potential for Cr 2O3. This will insure that one does not oxidize the coolant (which could lead to
blockages) while the stainless steels in the reactor core can still protect themselves against by
forming a Cr 20 3 layer [12].
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Figure 3: Ellingham diagram for metal / metal oxide formation [13].
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J. Y. Lim (2006) successfully developed a lead-bismuth corrosion resistant alloy [10]. The basic
composition of this alloy is Fe with 12wt% Cr and 2wt% Si. This alloy has demonstrated a
resistance to corrosion in static lead and lead-bismuth eutectic which make it feasible to use at
temperatures up to 700'C. This alloy works by forming a dual oxide layer (Cr and Si based)
which provides excellent corrosion protection even at low oxygen potentials [10]. M. P. Short
(2010) furthered the development of this alloy, by applying a protective layer of this material to
piping and fuel cladding material, creating a LBE corrosion resistant functionally graded metallic
composite [1].
1.4 A Brief History of the Metallic Composite Design and
Characterization
The composite design consists of an F/T91 base structural layer with a thin Fe12Cr2Si corrosion
resistant barrier. Weld wire from the Fe12Cr2Si was overlaid on 25.4 cm (10") outer diameter
(OD) x 60.9 cm (24") long cylindrical billets of a ferritic/martensitic Grade9l steel. For the fuel
cladding the Fel2Cr2Si weld wire was weld overlaid on the outer diameter of the GradeT91
cylindrical billet that had been center drilled. For the piping material the Fe12Cr2Si weld wire
was weld overlaid on the inner diameter (ID) of the GradeT91 cylindrical billet that had been
center drilled. These billets were then extruded into Tube Reduced Extrusions (TREX) 9.52 cm
(3.75") OD 518 cm (408") long (TREX) tubing at ~1200'C. The ID clad TREX tubing was then
drawn in to 5.08 cm (2") OD schedule 80 piping material (Figure 4).
Figure 4: Metal processing of ID clad F/T91 billets into 2 inch OD schedule 80 piping material.
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Short studied the effects of static lead-bismuth eutectic corrosion on the constituent T91 and
Fe12Cr2Si materials at 600'C and 700'C in reducing and oxidizing conditions. The effect of
inter-diffusion between the T91 and Fe12Cr2Si was also investigated. Lastly a commercial
feasibility study was performed to determine the potential for fabricating this metallic composite.
It was found that the Fe12Cr2Si material had a very low corrosion rate of << 12um/yr (691nm
max oxide thickness/506hrs) at temperatures up to 715'C in oxidizing conditions in static LBE
[11]. This corrosion rate is more than low enough to insure that the fuel cladding ~80um thick
Fe12Cr2Si with ~800um total thickness and piping material ~800um thick Fel2Cr2Si with
5080um (0.2") total thickness would last in the LBE coolant for typical operating times. The
diffusion study showed only very limited silicon and chromium diffusion to within ~50um of the
T91/Fel2Cr2Si interface after 1000hrs. It was found that silicon and chromium concentrations
in the Fe12Cr2Si material would remain above the 10.5 wt% Cr and 1.25 wt% Si critical
concentrations for the respective life time of the fuel cladding and piping material at 700'C. The
maximum dilution distance for Si was calculated as 33um after 60yrs at 700'C. Lastly, the
commercial feasibility study produced over 15 meters of 2" OD schedule 80 piping material and
3.75" OD TREX material for fuel cladding [1].
1.5 Research Objectives and Thesis Goal
This goal of this thesis work is to further develop the functionally graded metallic composite.
This functionally graded metallic composite will ultimately be available to be used as piping and
fuel cladding in a lead-bismuth cooled nuclear reactor. The tasks below provide a detailed
description of the work completed within this thesis.
1. Microstructural Characterization of the Piping Product: Complete a detailed
microstructural analysis of the piping product using optical microscopy, Vickers hardness
indentation, and other non-destructive means.
2. Heat Treatment of the Piping Product: Optimize the microstructure and mechanical
properties of the T91 and Fe12Cr2Si layers in the piping product through heat treatment.
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3. Creep and Tensile Testing of the Heat Treated Piping Product: Complete a 1000 hr stress
rupture test on the piping product material. Complete a tensile property test on the piping
product material at room temperature and 7000 C.
4. Diffusion Testing of the Heat Treated Piping Product: Determine the long-term thermal
stability of the T91-Fe-12Cr-2Si bond in the piping product.
5. Corrosion Testing of the Heat Treated Piping Product: Complete a 1000 hr corrosion test
under both reducing and oxidizing conditions for the piping product in static LBE.
Analyze the oxides formed under these conditions (SEM, OM, etc.)
6. Completion of a white paper about the Technology Readiness Level of the Piping
Material: This work will be a basis for further processing of the fuel cladding material,
irradiation testing, development of a generation 2 product, and long term flowing
corrosion tests.
Chapter 2 - Background
This section uses relevant background information to refine the design of the piping product.
2.1 Microstructural Characterization of the as-received Piping Product
The materials science tetrahedron shows that there is an interrelation between the processing,
properties, performance, and structure for every material [14]. When designing a material for a
specific engineering environment one must consider the interplay of these parameters. Among
the parameters, both the chemistry and microstructure of a material are of utmost importance to
determining the performance of that material in a specific environment. The metallic composite
in this study consists of a T91 ferritic/martensitic structural steel weld overlaid with a corrosion
resistant Fel2Cr2Si layer. The T91 steel provides the mechanical strength while the Fel2Cr2Si
layer acts as a barrier for corrosion. Figures 5 and 6 below show the ASTM chemistry and
hardness values for T91 steel.
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Ferritic / Martensitic Steel Chemistry
Sample Identification T91 EP450 HT9
wt% wt% wt%
Carbon 0.08-0.12 0.10-0.15 0.20
Sulfur <0.01 0.006
Nitrogen 0.03-0.07 --- 0.047
Iron 87.34-90.3 81.8-87.1 84.9
Chromium 8.00-9.50 11.0-13.5 11.63
Silicon 0.20-0.50 <= 0.5 0.22
Phosphorus <0.020 --- 0.020
Aluminum <0.040 --- <0.01
Manganese 0.30-0.60 <= 1.0 0.52
Nickel <0.40 0.05-0.30 0.50
Tungsten --- --- 0.52
Vanadium 0.18-0.25 0.1-0.3 0.300
Molybdenum 0.85-1.05 1.5-2.0 1.00
Copper --- --- 0.04
Boron --- 0.005-0.015 ---
Niobium --- 0.15-0.40 ---
Cobalt --- --- 0.08
Figure 5: T91 chemistry compared to other ferritic/martensitic steels: EP450 and HT-9 [15] [16]
[17].
T91 Hardness ASTM A213
Brinell Vickers
Min 190 196
Max 250 265
Figure 6: ASTM A213 hardness constraints for T91 [15].
2.2 Heat Treatment of the Piping Product
The purpose of heat treating the piping product is to bring its mechanical, chemical, corrosion,
and radiation properties to that of a final product. This will insure that all diffusion, tensile,
corrosion, and creep tests are performed on a material whose properties are representative of the
final piping product. The mechanical properties of the piping product are controlled by the T91
structural layer. The ideal T91 mechanical properties are obtained through the proper heat
treatment discussed next.
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Figure 7: (Left) Vallourec heat treatment for T9 1. (Right) Low carbon region of the Fe-C phase
diagram. The red markers are the lower and upper limits for carbon in T91 [15] [18].
In Figure 7 above one can see the heat treatment profile used by the company Vallourec to treat
T91. ASTM A335 specifies a normalization temperature for T91 within the range of 1040-
1080'C and a tempering temperature within the range of 730-800C [19]. The normalization time
is ~ 30min/in. The normalization stage transforms the material to a fully austenite phase. This is
followed typically by an air quench, forming a 100% martensite grain structure with a ~12min
maximum cooling time (Figure 8). The normalization and air quench is followed by a tempering
somewhere between 730 and 800C. This tempering reduces the hardness of the material,
increasing its fracture toughness and enables easier machining. One however must be very
careful to not over temper this material as it reduces the time to failure under creep.
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Figure 8: The Time Temperature Transformation (TTT) diagram for T91 [15].
Little change is expected to occur in the Fel2Cr2Si during normalization and tempering. The
low carbon concentration in this material (0.007%) places it well into the ferrite phase on the Fe-
C phase diagram (Figure 7). During normalization, there is some possibility of carbon diffusion
into the Fel2Cr2Si layer as well as limited diffusion of Cr and Si into the T91. Thus the
normalization time should be minimized to prevent further diffusion and grain growth in the
Fel2Cr2Si layer.
The Fel2Cr2Si layer provides the primary barrier to corrosion in the piping product. Given that
the carbon concentration is low in the Fel2Cr2Si layer we do not expect this layer to form any
secondary phases Fe-C phases during heat treatment although diffusion of carbon from the T91
may result in second phase precipitation/formation near the interface. The chromium content
however is near the solubility limit for this alloy which results in the potential for alpha prime
phase precipitation at low temperatures under irradiation due to spinodal decomposition (Figure
9 below). At chromium concentrations greater than ~1Owt% alpha prime phase precipitation
could become an issue. Short et al. (2010) recommended an ideal chromium concentration of 9-
1 Owt% for high corrosion resistance with maximum microstructural stability [1]. Alpha prime
phase is more brittle and its phase boundaries are susceptible to intergranular fracture [20].
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Figure 9: Selected region in the Fe-Cr phase diagram showing the solubility of Cr in Fe [20].
Figure 9 shows a portion of the Fe-Cr phase diagram. Past the solubility line for chromium in
iron, the material will prefer to phase segregate into a-Fe and alpha prime. The recent
computational results shown in figure 9 suggest that the actual solubility of chromium in iron
could be as high as 12 wt% at 700C [20]. The precipitation of alpha prime phase is not
anticipated to be an issue during heat treatment because the duration of the heat treatment is not
long enough and the temperature is not low enough. Thus the microstructure and corrosion
resistant properties of the Fel2Cr2Si layer are resistant to degradation under heat treatment /
processing. However when the material is at the reactor operating temperature (700 C) for an
extended period, one would expect the kinetics to be rapid enough to cause phase transformation
if the chromium concentration exceeds the solubility limit for steel.
Lastly one must consider the radiation response of the piping product. Given that this material
will also be used as fuel cladding it is important that one tailors the microstructure to resist
degradation under irradiation. Since the T91 material comprises most of the piping material, and
therefore carries most of the mechanical stresses, we will be most interested in the response of
T91 to radiation.
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Although ASTM A213 specifies mechanical, chemical, and heat treatment ranges for T91 it does
not provide a standard for the microstructure [21]. F. A. Garner (2010) showed that
ferritic/martensitic alloy EP-450, subjected to ion irradiation, swells first in the ferrite grains and
then in the tempered martensite grains [16]. Figure 10 below demonstrates the difference in
swelling in the grain types of EP450. As Figure 10 illustrates, it takes almost 50dpa more for
secondary swelling to begin in the tempered martensite grains than the ferrite grains. Once
secondary swelling initiates, swelling accumulates at a much faster rate.
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Figure 10: (Left) Swelling in EP450 at 300dpa and 480'C following ion irradiation. (Right)
Swelling in EP450 as a function of dpa. Sorbite is known in the USA as tempered martensite
[16].
For materials with similar chemistry to EP450 and HT-9 but different microstructures 1:1 ferrite
to tempered martensite grains in EP450 vs. all tempered martensite in HT-9, Garner showed that
the difference in swelling can be even more dramatic: with a 300dpa higher point in HT9 (purely
tempered martensite) for the onset of secondary swelling (Figure 11) [16]. Therefore in order to
minimize swelling in T9 1, and reduce the degradation in mechanical properties, it would be ideal
to start with a homogeneous tempered martensite grain structure.
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Figure 11: Compares the swelling in EP-450 and HT-9 following ion irradiation at 480'C and
450 C respectively [16].
Lastly, for T91, it is very important that one does not exceed the Al transition temperature
(entering the intercritical region) during tempering. Doing so will cause the martensite phase to
begin to separate into gamma austenite and alpha ferrite, both are known to have a reduced
performance under radiation over tempered martensite. The Fe-C phase diagram shown in Figure
7 is not completely accurate for T91 since this material has chromium and other alloying
elements. Referring to Figure 8, the actual AC 1 transition temperature is located between 830-
850'C for T91 and the AC3 transition temperature is located between 900-940'C [15]. Thus the
intercritical region spans the temperature range of 830-940'C.
Thus the ideal heat treatment will give the piping material equivalent mechanical performance to
T91, a radiation tolerant tempered martensite grain structure in the T91 phase, and will show no
degradation of the corrosion resistant Fel2Cr2Si barrier. The mechanical strength of the T91
layer is proportional to the hardness of the material.
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2.3 Creep and Tensile Testing of the Heat Treated Piping Product
The object of evaluating the creep and tensile properties of the piping product is to not only
determine the creep and tensile properties of this material under normal operating conditions, but
to evaluate the bonding between the T91 and Fel2Cr2Si upon failure.
At elevated temperatures a material can deform by creep at stress levels far below the yield
strength of the material. Creep is a way for materials under an externally applied load to relieve
internal stresses by deformation. Most materials will not creep until their temperature exceeds
roughly 1/3 of the melting temperature [22]. For the LBE cooled reactor, with an operating
temperature of 650-700'C, this is roughly 1/2 the melting point of steel (Tm ~ 1500'C). Thus
creep is expected to be an issue in this environment. Creep occurs by two primary mechanisms:
dislocation motion and diffusion.
In dislocation creep, the applied stress causes dislocations to move within the material to relieve
the internal material stresses. A dislocation will glide along slip planes until it encounters an
obstacle, such as a carbide or another dislocation. Upon encountering an obstacle atoms will
diffuse away or towards the impeded area of the dislocation. This results in climb of the
dislocation. Once a sufficient number of atoms have diffused from the dislocation its movement
is no long impeded and it will continue to move through the material.
In diffusion creep, grains deform in the direction of the applied stress through atomistic
diffusion. This diffusion usually occurs at the grain boundaries where the diffusion coefficient
can be 6 orders of magnitude higher than in the bulk.
In both diffusion and dislocation creep the rate limiting step is usually diffusion of the atoms. At
high stress and high temperatures dislocation creep is dominant. At low stress and high
temperatures grain boundary diffusion creep is dominant. For high stress applications, where
dislocation creep is dominant, one can protect the material by distributing fine carbides
throughout the bulk T91. For low stress applications, where diffusion creep is dominant, one can
improve the properties of the material by increasing the grain size [22]. It is assumed that the
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piping material will be subjected to a high stress high temperature environment when in service
in the LBE cooled nuclear reactor. Therefore, under these conditions, creep will be reduced the
most by a distribution of fine carbides in the T91 layer of the piping product, should T91 be
chosen as the structural material in the actual application.
Alstrom Inc. has conducted creep tests on T91. Alstrom's creep testing of T91 at 650'C and
1OOMPa showed that T91 with a larger Vickers hardness had a longer creep lifetime. As one
increased the hardness of the T91 material the time to failure by creep also increased [23]. For
the sake of comparing results, this creep study will also be conducted at 650C and 1OOMPa.
The important mechanical and tensile properties of T91 are listed below in Figure 12. The
properties listed in Figure 12 will be used as reference values when tensile testing the piping
product in this investigation.
Minimum Mechanical Properties of T91 at 25'C
Ultimate
0.2% Offset Tensile
Yield Strength Strength Elongation Vickers
(MPa) (MPa) % Hardness
Min 415 585 20 196
Max I _---_I --- _-- 265
Figure 12: Minimum mechanical properties of T91 at room temperature [19].
2.4 Diffusion Testing of the Heat Treated Piping Product
The protective nature of the Fel2Cr2Si "cladding" layer comes from the dual chromium oxide
and silicon dioxide layer that this material forms on its surface when exposed to a corrosive
environment above a temperature of 570'C (magnetite-wustite phase transformation). If the
oxygen potential allows, a third layer of magnetite will be present but would flake off at the
transformation. Therefore the protective nature of this material is highly dependent on the
presence of chromium and silicon. Figure 13 below shows the weight loss for low alloy steels in
lead bismuth eutectic as a function of alloy concentration. This figure shows that for higher
chromium concentration and higher silicon concentration the weight loss is reduced. The
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chromium concentration however cannot much exceed 12% as this can cause lead to alpha prime
precipitation which weakens the alloy. The weight % of silicon is also limited to < 2.5% as more
silicon leads to susceptibility to radiation embrittlement [7].
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Figure 13: Diagram of alloying element concentration vs. weight loss for low-alloy steels in LBE
[7].
When the functionally graded metallic composite is at operating its temperature (650-700'C) for
an extended period, or undergoes normalizing during processing (1040-1080 C) there is the
potential for silicon and chromium diffusion from the Fel2Cr2Si cladding material into the T91
structural material. If the amount of Si or Cr diffusion is too great, the cladding material will lose
its protective capabilities. Following the suggestions of Short, a conservative lower limit of 1.25
wt% Si will be placed on the silicon content and 10.5 wt% Cr will be placed on the chromium
content in the cladding material following diffusion testing [1]. Short et al. (2010) diffusion
tested hot isostatic pressed (HIPed) diffusion couples of T91 and Fel2Cr2Si for up to 1000 hours
at 700'C. The diffusion study showed only very limited silicon and chromium diffusion to
within ~50um of the T91/Fel2Cr2Si interface after 1000hrs. It was found that silicon and
chromium concentrations in the Fe12Cr2Si material would remained above the 10.5 wt% Cr and
1.25 wt% Si critical concentrations for the respective life time of the fuel cladding and piping
material at 700'C. The maximum dilution distance for Si was calculated as 33um after 60yrs at
700'C. [1] This study will further investigate the effects of silicon and chromium diffusion in
the finished piping product (700'C and 1000hrs).
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2.5 Corrosion Testing of the Heat Treated Piping Product
The purpose of corrosion testing the piping product is to determine the effect of static LBE
corrosion on the T91/Fel2Cr2Si composite material at longer test times. Short et al. (2010) ran
static corrosion tests on the individual Fel2Cr2Si and T91 materials at 700'C for up to 506hrs
but none on the actual piping product [1]. Thus this test campaign will determine the corrosion
rate of the piping product. This test will also show if there is any difference in the corrosion rate
between the piping product and the individual constituent alloys. Lastly, the purpose of this
corrosion testing is to investigate the effects of flowing LBE on the piping product. The static
corrosion testing will occur at the MIT Uhlig Corrosion Laboratory. The flowing corrosion
testing will occur at the Los Alamos National Laboratory (LANL) DELTA loop. The DELTA
loop has the added benefit of that it facilitates mass transport at the surface of the tested materials
producing more realistic corrosion rates. The ability of a flowing loop to dissolve material
depends on the solubility of the metal in the coolants, temperature of the metal, and the velocity
of the coolant [1]. In general, the higher the velocity, the larger the rate of corrosion [24].
Flowing testing at 500'C at flow velocities of up to 8 m/sec are being conducted at LANL as of
this writing.
In Section 1.2, it was shown that the primary mechanism by which lead-bismuth corrodes
structural materials is highly dependent on the amount of dissolved oxygen in the liquid LBE.
At oxygen concentrations less than 10-8 corrosion occurs by liquid metal corrosion and
dissolution. At oxygen concentrations greater than 10-8 corrosion occurs by oxidation.
In this corrosion test, the piping product will be tested in both oxidizing and reducing conditions.
By oxidizing we mean slightly more oxidizing than the formation potential for Fe 30 4. By
reducing we mean slightly less oxidizing that the formation potential for Fe 30 4 (Figure 3 above).
The oxidization regime encompasses all oxygen partial pressures between PbO and Fe 304
formation. The reducing regime encompasses all oxygen partial pressures between Fe 30 4 and
Cr 20 3 formation (Figure 3).
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Chapter 3 - Experimental Methods
This section discusses the methods used to implement improvements on the piping product and
the characterization techniques used to evaluate these improvements.
The characterization effort focused on the ID-Clad piping product form. The OD-Clad fuel
cladding product was not available at the time of this study so we were unable to characterize
this material. However, all of the results from the ID-clad piping material characterization will
be directly applicable to the OD-clad fuel cladding material.
3.1 Microstructural Characterization of the as-received Piping Product
A detailed microstructural analysis was conducted on the piping product. This analysis used
optical microscopy, Vickers indentation, dye-penetrant inspection, and borescope analysis to
determine the condition of the as-received piping product.
3.1.1 Design
The following is a list of relevant design criteria for the microstructure and properties of piping
product base on our background literature search:
a. The T91 layer should have good mechanical properties at room temperature and at the
operating temperature regime 650-700C.
b. The T91 layer should have the correct chemistry / microstructure.
c. The Fel2Cr2Si layer should be free of defects.
d. The Fel2Cr2Si layer should have the correct chemistry / microstructure
e. The Fel2Cr2Si layer should provide an even coat in both the axial and radial directions
on the pipe.
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3.1.2 Implementation
3.1.2.1 Optical Microscopy + Hardness
An initial materials inventory revealed 5 lengths of inner diameter (ID) clad piping with 5.08cm
(2") OD schedule 80 dimensions and lengths varying from 0.94 - 5.7m (Figure 14). The pipes
were designed by Short et al. (2010) and drawn at Haynes International Inc. in Arcadia,
Louisiana [1]. The pipes are numbered on each end with an impression stamp and can also be
identified by their length. The original lengths of the composite pipes are: Pipe#1: 1.4m, Pipe#2:
0.94m, Pipe#3: 3.735m, Pipe#4: 3.97m, and Pipe#5: 5.70m.
The condition of the as-received piping was evaluated with optical microscopy and Vickers
hardness indentation testing. A 0.635cm (0.25 ") ring was cut with the MIT plasma science and
fusion center's (PSFC) bandsaw from the end of each of the 5 ID clad pipes. A 1.27cm (0.5")
section was then cut from each of the 5 rings with a LECO Vari/Cut VC-50 Wafering saw. The
five sections were mounted in EpoMet G Molding Compound with a Prestopress 3 Mounting
Press. The mounted sections were then polished at 180, 320, 600, 800, and 1200 grit SiC, at 120
rpm and at an 181b force with a Buehler- EcoMet 3000 Variable speed grinder / polisher. The
sections were then etched with a 7% nital solution. The microstructure of each of the five pipes
was then imaged in a Zeiss Metallograph Microscope. Finally a LM247 Microhardness tester
was used to measure the Vickers hardness of each of the five pipes. The load used on the
microhardness tester was 500grams and the indentation size was read at 2 pixels into the
indentation.
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Figure 14: Functionally graded composite piping product with the protective Fel2Cr2Si coating
on the inner diameter. This picture shows the #3 pipe (foreground) and the #4 pipe
(background).
3.1.2.2 Chemical Analysis
Samples of the Fel2Cr2Si weld wire, Fel2Cr2Si ingot, and the T91 ingot (used to create the
Fel2-Cr2-Si clad T91 tubing) were sent to Luvak Inc. for chemical analysis via direct current
plasma emission spectroscopy. The purpose of this analysis is to insure that both the T91 and
Fel2Cr2Si materials have the correct chemistry.
3.1.2.3 Dye Penetrant Inspection
The initial analysis of small rings taken from the end of each of the five ID clad pipes revealed
the presence of some cracks in the Fel2Cr2Si layer of each of the five pipes. To better
understand the extent of this cracking, the #4 ID clad pipe was chosen for sectioning and
analysis. A 30.5cm (12") long section was cut from each end of the #4 pipe. Each 30.48cm
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(12") long section was then cut in half lengthwise with wire electron discharge machining
(EDM). Following this, a 1.27cm (0.5") ring was cut at 30.5cm (12") into each end of the pipe.
These halved pipe sections and half-inch rings were then used to evaluate the condition of the ID
cladding on the #4 pipe. Photographs were taken of the pipes inner surface. The integrity of the
Fel2Cr2Si layer was also evaluated with optical microscopy and using the polishing scheme
described in section 3.1.2.1. Lastly dye penetrant inspection was performed on the 30.48cm
(12") halved pipe sections.
Dye penetration inspection was used to further resolve the crack structures in the 30.48cm (12")
pipe sections A and B (Figure 15 below). The liquid penetrant used in this case was pink
ethylene glycol (antifreeze) and the developer was a fine white sucrose powder. The penetrant
was applied to the inner surface of each pipe and allowed to soak into the cracks for -1min.
Excess penetrant was then removed wiped off and the sucrose powder applied evenly along each
pipes inner surface. Each pipe was then tapped lightly to remove excess powder and to
encourage the powder to migrate into cracks and flaws. Finally, photographs were taken of the
pipes inner surface.
3.1.2.4 Cladding Thickness Measurement
To better understand the condition of the Fel2Cr2Si cladding layer as a function of position in
the ID clad pipes, the #4 ID clad pipe was further sectioned and analyzed. The #4 pipe was cut
into alternating 30.5cm (12") long sections and 1.27cm (0.5") long rings with the Plasma Science
and Fusion Center's Scotchman Model SH1016 Band Saw. Each 30.48cm (12") long section
was then cut in half lengthwise (Figure 15).
Each half-inch ring was polished to a 1200 grit finish with a series of silicon carbide CarbiMet 2
Abrasive Discs and a Buehler EcoMet 3000 Variable Speed Grinder-Polisher. Each half-inch
ring was then stained for 20 seconds with a Kallings #2 solution to better visually resolve the
cladding layer. The thickness of the cladding layer was then measured at 10 random positions in
each ring with a Zeiss Metallograph Microscope.
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Figure 15: Shows the sectioning scheme for the #4 ID clad pipe. The A and B sections are
analyzed in detail in Section 3.1.3.
3.1.2.5 Borescope Inspection
An Olympus IV7000 borescope was used to inspect the inner surface of the #1, #2, #3, and #5
pipes. The borescope consists of a rigid flexible snake-pipe with an eyepiece on one end. The
eyepiece is connected with optical fibers to a video camera and a display for capturing images
and videos. The flexible borescope snake-pipe is placed inside the piping product and moved to
positions of interest to collect video / pictures. For each of the ID clad pipes, the inner surface
was optically imaged in ~0.3m (12") increments. The borescope system can be seen below in
Figure 16.
Figure 16: Shows the Olympus IV7000 Borescope during the inspection of ID clad pipe #3.
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3.2 Heat Treatment of the Piping Product
A series of heat treatments were performed on the as-received piping product in order to
optimize the microstructure and mechanical properties of the T91 and Fel2Cr2Si layers.
3.2.1 Design
Based on background literature research the following relevant design criteria have been
formulated for quantifying the measure of a successful heat treatment:
a. ASTM level hardness for the T91 layer.
b. Tempered martensite grain structure for the T91 layer.
c. No cracking in the piping material during heat treatment.
d. Little grain growth in both layers.
e. Little to no diffusion leading to phase transformation between the T91 and Fel2Cr2Si
layers.
3.2.2 Implementation
3.2.2.1 Heat Treatment of Test Sections
Two rings of 0.635cm (1/4 in) thickness were first cut from the #5 pipe with a hacksaw. Each of
the rings was then cut into five ~1.27cm (0.5") wide sections with a LECO Vari/Cut VC-50
wafering saw. The ten sections were then divided into two groups of five for heat treatment.
The first heat treatment group will be referred to as Round 1. The second heat treatment group
will be referred to as Round 2. Each of the sections was placed directly into a Lindberg Blue
High Temperature Furnace for normalization. The normalization temperature was 1080C.
After normalization each section was removed and allowed to air cool to room temperature. In
the cases where tempering was used, the sections were placed back into the Lindberg Blue High
Temperature Furnace. The tempering temperature was 780'C. A summary of the heat treatment
conditions used can be seen below in Figure 17.
42
The heat treatment variations used in round one test the effects of normalization, ramp vs.
quench normalization, normalization vs. normalization + tempering, and ramp normalization
with tempering vs. quench normalization with tempering. The heat treatments in round two test
the effects of normalization vs. double normalization, single normalization + temper vs. double
normalization + temper, normalization with varied tempering time, and reducing residual stress
through ramp tempering.
Heat Treatment Conditions Round 1
Sample Ramp
ID Up Normalization Ramp Down Tempering Ramp Down
1
Air Quench to
2 --- 1080C 20min 25C --- ---
Air Quench to
3 --- 1080C 20min 25C 780C lhr Air Quench
4 196C/hr 1080C 20min 196C/hr to 25C ---
5 196C/hr 1080C 20min 196C/hr to 25C 780C lhr Air Quench
Heat Treatment Conditions Round 2
Sample Ramp
ID Up Normalization Ramp Down Tempering Ramp Down
2x 1080C 2x Air Quench to
1 20min 25C --- ---
2x 1080C 2x Air Quench to
2 --- 20min 25C 780C lhr Air Quench
Air Quench to 780C
3 --- 1080C 20min 25C 30min Air Quench
Air Quench to 780C
4 --- 1080C 20min 25C 45min Air Quench
7C/min to
Air Quench to 600C 3C/min
5 --- 1080C 20min 25C 780C lhr to 50C
Figure 17: Heat treatment conditions used to optimize microstructure
layer in the piping product.
and hardness of the T91
Following heat treatment, the pipe sections were mounted in EpoMet G Molding Compound
with a Prestopress 3. The mounted sections were then polished at 180, 320, 600, 800, and 1200
grit SiC, at 120 rpm and at an 181b force with a Buehler- EcoMet 3000 Variable speed grinder /
polisher. The sections were then swabbed with a 2% Nital etching solution in 30 second
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intervals for a total of 2 minutes until the T91 layer became hazy looking. The sections were
then stained with a Kallings #2 solution in 10 second intervals for a total of 40 seconds until the
grains of the Fe12Cr2Si were distinctly stained and the phases within the T91 layer became
distinguishable. The microstructure of each of the five pipes was then imaged in a Zeiss
Metallograph Microscope. Finally a LM247 Microhardness tester was used to measure the
Vickers hardness of each of the five pipes. The load used on the microhardness tester was
500grams and the indentation size was read at 2 pixels into the indentation.
3.2.2.2 Heat Treatment of 30.48cm (12") Tensile / Creep Test Sections
A 30.48cm (12") section of the #4 pipe was heat treated with the optimized heat treatment
(described in Section 4.2.1). One half of section B from pipe #4 was wrapped in two layers of
309 Annealed Stainless Steel Foil and heat treated in a Sybron - Thermolyne furnace. After heat
treatment the pipe half was sectioned into 5.08cm (2") pieces. The surface of each piece was
then polished to a 1200 grit surface finish and the Vickers hardness measured. Finally a piece of
the 1 30.48cm (12") pipe section was mounted and polished to reveal the microstructure of the
T91 and Fel2Cr2Si layers (method described in Section 3.2.2.1).
3.2.2.3 Heat Treatment of a 30.48cm (12") Corrosion / Diffusion Piping
Product Section
A 30.48cm (12") length of pipe has been cut from the #5 pipe. The ends of the 30.48cm (12")
section were cut parallel in a LECO MSX 205M Precision Cut-Off Saw. The optimized heat
treatment was then applied to this section in a Sybron - Thermolyne furnace (describe in Section
4.2.1). This heat treated section is to be cut and polished for corrosion and diffusion specimens
(Figure 18).
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Higure 18: A section o the i4 pipe post heat treatment and ena evening.
3.3 Creep and Tensile Testing of the Heat Treated Piping Product
This section presents the tensile testing conditions for the piping product material, evaluated at
25'C and 700'C. This section presents a creep test of the piping product material at 650'C. This
section also presents a tensile test of the Fel2Cr2Si weld wire at 25 C.
3.3.1 Design
The following is a list of relevant design criteria for the piping materials mechanical
performance, which is based on a literature search:
a. The mechanical properties of the piping product should meet or exceed the minimum
values for T91 as quoted in ASTM A213.
b. The creep properties of the piping product should be comparable to that of properly heat
treated T9 1.
c. It should be demonstrated that there is no change in the microstructure or creep properties
after creep testing (i.e. that the heat treatment creates a meta-stable material).
d. For both the tensile and creep tests there should be no dis-bonding between the T91 and
Fe12Cr2Si layers in the broken samples.
e. The T91 layer should have a distribution of fine carbides to assist in slowing creep.
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From ASTM E8M Section 6.9, specimen 1 was selected as the design for tensile and stress
rupture testing [25]. A computer-aided design (CAD) drawing for this tensile specimen, shown
below in Figure 19.
The CAD drawing of specimen one from ASTM E8M Section 6.9 was modified to accommodate
clevis couplings. The clevis couplings provide a better grip on tensile and creep specimens than
wedge grips at high temperatures. A detailed stress analysis was done on the tensile bar design
to ensure that the maximum stress occurred at the middle of tensile bar [26] [27]. The modified
CAD drawing is shown below in Figure 19.
B
A
A
B
A
Figure 19: Modified CAD drawing of ASTM E8M Section 6.9 tensile testing specimen for
piping and tubing material.
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3.3.2 Implementation
3.3.2.1 Tensile Testing of the Piping Product
The six heat treated sections of pipe #4 from Section 3.2.2 were fabricated into tensile bars.
Figure 20 below shows the completed tensile bars. Four of these tensile bars were chosen for
tensile testing.
Figure 20: Fabricated tensile and creep specimens.
The four tensile bars were tested to failure in an Instron MTS 1296 Load Frame with Thermcraft
3-Zone Furnace. The methods defined in ASTM E8M Section 7 were used to test and analyze
the tensile bars [25]. The strain rate was 0.127cm/min (0.05 in/min). Figures 21 and 22 below
show the experimental setup and testing conditions.
The strain in each bar was measured with an ATS extensometer and MTS Model 632.130-20
extensometer. The ATS extensometer was physically attached to the sample with grips. The
MTS extensometer sat outside the furnace and measured the displacement of the ATS
extensometer grips. The tensile bars were stressed to failure in air at 25'C and in air at 700'C.
Following the test, a compliance calibration was run at 25'C and 700'C on the MTS Load Frame.
The strain as a function of load in the load frame was found in this calibration. The strain was
then subtracted from the strain measured during displacement of the load frame actuator to
produce the strain in the tensile bars. This compliance calibration method of determining strain
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was used to capture the whole strain curve, since the ATS extensometer is limited to -2mm of
stretch before it must be removed. The stress strain curves were then analyzed for the 0.2%
offset yield stress, elastic modulus, and ultimate strength. The gauge length of each bar was
measured before and after tensile testing. The change in gauge length was then used to calculate
the % elongation.
Figure 21: Test setup for high temperature tensile property measurement of ID clad pipe #4.
Conditions for Tensile Testing of the Heat Treated ID-Clad Pipe #4 Sections
Test Sample Location in Pipe Temp Applied Stress
Type ID 4 (0C) (MPa) Condition
Tensile 1 C 700 Until Failure Air
4 I 700 Until Failure Air
5 L 25 Until Failure Air
6 E 25 Until Failure Air
Figure 22: Test matrix showing the conditions used during tensile testing of the piping product.
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After the tensile tests, the broken tensile bar samples of the piping product were analyzed.
Photos were taken of the fractured surfaces of each of the tensile bars. At 5mm from the
breaking point, a cross section of the gauge length was cut with a LECO Vari/Cut VC-50
Wafering Saw. These cross sections were then mounted, polished to lum, stained with Kallings
#2, and imaged in a Zeiss Metallograph Microscope (Method in Section 2.2.2.1).
3.3.2.2 Creep Testing of the Piping Product
A creep test was performed on the piping product. The testing procedure in ASTM standard
E139-11 Section 8 was followed during this test [28]. The #2 heat treated tensile bar from pipe
#4 was secured with clevis couplings to 1.905 cm (0.75") diameter pull rods. A k-type
thermocouple was spot welded to the upper pin in contact with the tensile bar. The tensile bar /
clevis couplings and pull rods were then placed into a vacuum retort. The pull rods were then
attached to an Applied Test Systems (ATS) Series 2410 Creep Frame. A second thermocouple
was inserted into the bottom of the vacuum retort to measure the tensile bar temperature. An
ATS series 3210 Furnace with ATS 3-zone furnace controller was then used to slowly bring the
tensile bar temperature to 650'C. The valve on the retort was left open during heating and during
sample testing to allow air flow into the retort. Once the sample temperature had stabilized at
650'C, the creep frame timer was started, and a 100 MPa force was applied to the sample. The
sample temperature was continuously monitored with a Yokogawa LR8 100 Analogue
Temperature Recorder. In Figures 23 and 24 below one can see the creep experimental setup
and testing conditions.
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Figure 23: Experimental setup for long term creep testing of the Fe12Cr2Si / T91 piping product.
Conditions for Creep Testing of the #4 Piping Product
Test Sample Temp Applied Stress
Type ID (0C) (MPa) Condition
Creep 2 650 100 Air
Figure 24: Sample identifications and testing conditions for creep testing of the Fe12Cr2Si / T91
#4 piping product.
After the creep test, the broken creep bar samples of the piping product were analyzed. Photos
were taken of the fractured surfaces of the creep bar. At 5mm from the breaking point, a cross
section of the gauge length was cut with a LECO Vari/Cut VC-50 Wafering Saw. These cross
sections were then mounted, polished to lum, stained with Kallings #2, and imaged in a Zeiss
Metallograph Microscope (Method Section 3.2.2.1). Additionally, a series of Vickers
microhardness tests were performed on the mounted cross sections and on the 30.48cm (12")
pipe section from which the #2 creep bar was fabricated (Method in Section 3.2.2.1).
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3.3.2.1 Tensile Testing of the Fel2Cr2Si Weld Wire
A series of tensile tests were conducted on the Fel2Cr2Si weld wire. The weld wire diameter is
0.0339 in or 0.86 mm. Three ~ 30.48cm (12") sections of weld wire were cut from the weld wire
spool with a pair of metal shears. One of the weld wire sections was then attached to a set of
wire snubbing grips in an Instron 8501 Load Frame. A special 1.1 kN MTS Load Transducer
was attached to the top snubbing grip (Figure 25). The wire was then strained to failure at a
strain rate of 0.05 in/min. This process was repeated for all 3 wires. This load cell was used to
measured load and the strain was calculated from the displacement of the Instron transducer.
Figure 25: Experimental set up for tensile testing of the Fel2Cr2Si weld wire.
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3.4 Diffusion Testing of the Heat Treated Piping Product
This section presents methods for testing the long-term thermal stability of the T91/Fe-12Cr-2Si
bond in the piping product. Optical microscopy and line EDX scans are used to evaluate the
microstructure and composition at the T91/Fel2Cr2Si bond. These measurements are then used
to predict the thermal stability of the piping product.
3.4.1 Design
Based on literature research the following relevant design criteria have been formulated for
quantifying how diffusionally stable the piping product is:
a. The size of the diffusion zone at 700'C should be small enough that the concentration of
Cr and Si at the exposed Fel2Cr2Si surface never reach the 10.5% and 1.25% lower
limits during the reactor lifetime (60years).
b. There should be few microstructural changes in the piping product after prolonged
exposure to a 700'C operating temperature.
3.4.2 Implementation
A 20mm thick ring was cut from the end of the heat treated section of pipe #5 (Fabricated in
Section 3.2.2.3) in the LECO MSX 205M Precision Cut-Off Saw (Figure 26). The 20mm thick
ring was then cut into five 20x20x5.08mm squares for use as diffusion specimens with a LECO
Vari/Cut VC-50 Diamond Wafering Saw. The final diffusion specimens are shown below in
Figure 27.
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Figure 26: Sectioning diffusion specimens from the heat treated ~ 30.5cm (12") length of pipe
#5.
Figure 27: (Left) Shows the top, outer diameter, and inner diameter view of the 20x20x5.08mm
diffusion specimens. (Right) Shows in more detail the cladding layer on one of the diffusion
specimens prior to testing.
Four of the diffusion specimens were individually wrapped in 6.35x12.7cm (2.5x5in) Stainless
Steel Sentry Pack Folders. Five grams of ZrO2 was added to each folder to help maintain the a
fixed oxygen partial pressure during diffusion testing. Each folder was then sealed. The fifth
diffusion specimen was also sealed inside a stainless steel folder. A small hole was cut into the
fifth stainless folder so that a K-type thermocouple could be inserted to measure the sample
temperature. All five samples were placed into a Lindbergh Blue M High Temperature Furnace
at 700'C (Figure 28). The furnace temperature was controlled by an R-type thermocouple
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connected to an OMEGA temperature controller. The diffusion sample temperature was
continuously monitored with an OMEGA temperature display connected to a Yokogawa LR8 100
Analogue Temperature Recorder. The diffusion specimens were exposed to 700'C for 250, 500,
750, and 1000 hrs (Figure 29).
Figure 28: Shows the setup for the 1000 hr diffusion experiment and the stainless steel wrapped
diffusion samples being heated at 700'C.
Conditions for Diffusion Testing of the ID Clad Pipe #5
Temperature ('C)
+/- 10C 700 700 700 700 700
Time (hr) 0 250 500 750 1000
Figure 29: Test matrix showing the conditions used for diffusion testing of the ID clad pipe #5.
The diffusion specimens were then mounted in Buehler EpoMet G Molding Compound with a
Struers Prestopress 3. The diffusion specimens were then polished to a lum surface finish in a
Buehler - EcoMet 3000 - Variable Speed Grinder-Polisher (Method in Section 3.2.2.1).
Following polishing a line EDX scan was performed on the mounted diffusion specimens at the
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Fel2Cr2Si / T91 interface in a JOEL JSM-66102V Scanning Electron Microscope (SEM). Each
sample was scanned 30 times at 256 pixels over a region of-350um.
3.5 Corrosion Testing of the Heat Treated Piping Product
This section describes a 1000 hr static corrosion test of the piping product at 700'C. Both
reducing and oxidizing conditions were tested. The corrosion specimens were then analyzed
with optical microscopy, SEM, and EDX to determine the nature of the oxide formed under these
conditions. Additionally corrosion specimens were prepared from the heat treated piping
material for flowing LBE corrosion tests in the Los Alamos National Laboratory (LANL)
DELTA loop.
3.5.1 Design
Based on the literature research the following relevant design criteria have been formulated for
quantifying the corrosion properties of the piping product:
a. The corrosion rate of the Fel2Cr2Si material in the piping product at 700'C in oxidizing
and reducing conditions should be low enough to enable a 3 year fuel clad operational
lifetime and a 60 year piping product operational lifetime.
b. There should be few microstructural changes in the piping product as a result of
prolonged exposure to 700'C operating temperatures.
The 1000hr static corrosion test was conducted in the H. H. Uhlig Corrosion Lab's LBE
corrosion furnace (Figure 30 below). This system consists of two furnaces, a gas supply system,
and a data acquisition system. The gas supply system controls the oxygen, hydrogen, and
moisture concentration sent to each furnace. By minimizing the oxygen concentration and
adjusting the hydrogen / water vapor ratio one can create either a highly reducing or highly
oxidizing condition. In this experiment one furnace is run under an oxidizing condition and one
furnace is run under a reducing condition. The conditions used are quantified as oxidizing or
reducing relative to the formation of fast-forming iron oxides. The data acquisition system
55
records the temperature of each furnace, the temperature of the corrosion samples within each
furnace, and the oxygen / moisture levels on gas supply and furnace outlets.
There are a total of 5 oxygen and moisture meters on the lead-bismuth corrosion furnace: 1)
Argon Inlet H20 monitor 2) Outlet Oxidizing Furnace H20 monitor 3) Outlet Oxidizing Furnace
02 monitor 4) Outlet Reducing Furnace H20 monitor 5) Outlet Reducing Furnace 02 monitor.
The moisture sensors have a range of 0.001 - 15,000ppmV (parts per million by volume), while
the oxygen sensors have a range of 0.05 - 50 ppmV.
Figure 30: The LBE corrosion furnace and its constituent parts.
The unique features of this furnace, which allow one to conduct corrosion tests for thousands of
hours, are the continuous gas supply system and in-situ water refilling system (Figures 31 and
32). The gas stream running to each furnace is a mixture of hydrogen, argon, and moisture. In
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order to run the furnace for 1 000hrs + this gas stream must be maintained at all times to prevent
oxygen ingress into the system. Figure 31 shows the continuous gas supply system on the argon
manifold. This system allows one to replace the argon bottles with < 1 part per million by
volume (ppmV) oxygen ingress into the system. To replace an argon bottle in-situ one connects
a second bottle to the #2 position. One then purges the #2 position with the purge valve. The
argon supply is then switched to the #2 position. The #1 argon bottle is then removed and
replaced with a fresh bottle. The #1 position is then purged. Finally the argon supply is switch
from the #2 to #1 position. A similar system was built for the hydrogen gas supply.
Figure 31: Shown above is the final argon gas manifold design. The short minimal piping
reduces oxygen leaks and the valve system allows one to purge each line when connecting a new
argon bottle. The shared regulator insures that there is no loss of gas flow due to a pressure drop
across the system when switching bottles.
The gas stream is passed through a temperature controlled water bath before it enters the
oxidizing furnace. This allows one to control the H2/H20 ratio in this furnace. The higher
moisture concentration creates a more oxidizing environment. In order to refill the water pot
without allowing oxygen ingress into the system, the in-situ water refilling system show in
Figure 32 below was built.
To refill the water pot, a bottle of argon is first connected to the outlet of the in situ system (long
stainless steel tube). Argon is then bubbled through the DI-water for 15 min in order to remove
dissolved oxygen, saturate the DI-water with argon, and to displace any air contained within the
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chamber. The inlet and outlet to the in situ system are then closed. The argon bottle is then
connected to the inlet of the in situ system (short stainless steel tube). The outlet tube for the in
situ system is then placed into an empty beaker. The argon is then turned on; this pressurizes the
Erlenmeyer flask and drives DI-water into the outlet tube. DI-water is allowed to pass through
the outlet tube into the empty beaker until all air has been removed from the outlet tube. Finally,
the outlet tube is connected to the water refill port on the water pot. The water refill port is
opened and the argon bottle is opened at -2Psi. The argon bottle pressurizes the Erlenmeyer
flask and drives DI-water into the water pot. Great care is taken to not let the water level recede
below the inlet for the outlet tube to the water pot (long stainless steel tube) thus insuring that
only water is driven into the pot and not air/argon. This whole process can be done without
interrupting the gas flow to the oxidizing furnace.
Figure 32: (Left) Water bath and water pot which provide moisture to the oxidizing furnace
cover gas. (Right) In situ water refilling system as configured for refilling the oxidizing furnace
water pot.
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3.5.2 Implementation
3.5.2.1 1000 Hour Corrosion Test in Static LBE
3.5.2.1.1 Sample Fabrication
The corrosion specimens were fabricated for the LBE corrosion tests from the ~ 30.5cm (12")
heat treated #5 ID clad pipe (Section 2.2.2.3). The inner and outer surface of a 5.08cm (2")
length of the ID clad pipe was turned on a Clausing Lathe to a #63 surface finish (1.6um). Two
2.54cm (1") rings were then cut from the end of this pipe (Figure 33 below). The #5 pipe was
chosen because it has the thickest Fel2Cr2Si material on the inner diameter (-800-1000um).
This thicker clad should insure that the turning does not remove the entire Fel2Cr2Si protective
barrier. Short et al. (2013) showed that the oxide layer thickness on the pure Fel2Cr2Si material
was <lum after 506hrs at 700'C in LBE, therefore anything greater than ~100um of Fel2Cr2Si
will be more than sufficient for a 1000hr corrosion test at this temperature [11].
Figure 33: One micrometer surface finish on sections of the ID clad T91 pipe.
The ends of each ring were polished with a Buehler Ecomet 3000 Variable Speed Grinder-
Polisher. The rings were polished by hand because their odd geometry made placement of these
rings into a conventional mount not an option. Polishing was done at 130 RPM on a 20cm (8")
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platen with hand pressure (~3lbs force). The ends of each ring were first plained flat on a 120
grit SiC Carbimet sandpaper for 3min. This was followed by 5mins on 180, 320, and 600 grit.
The rings were then polished for 7min at 800grit and 1200 grit. Lastly the rings were polished
with a 6um, 3um, and lum MetaDi polycrystalline diamond suspension for 3min. Each ring end
was then stained with a Kallings #2 solution for 60 seconds to reveal the presence of the
Fe12Cr2Si material on the inner diameter. The rings were then viewed in a Zeiss Metallograph
and areas with sufficient Fel2Cr2Si material were selected for sectioning. Six 15mm wide
sections were then cut from the two rings with a LECO VC-50 Low Speed Wafering Saw and
Struers Abrasive Cut-off Wheels. Two sections will be used for the 1000hr corrosion test, two
for a potential 3000hr corrosion test, and two for testing the furnace. Two 0.17cm (0.067in)
holes were then drilled into each of the sections to facilitate mounting to the sample holders in
the LBE corrosion furnace. The sections were then finally ultasonicated in acetone for 2min and
wiped clean with Chemwipes and 99.9% ethanol to remove any residue from fingerprints or the
polishing solution. The final corrosion specimens can be seen below in Figure 34.
Figure 34: (Left) The 1000 hr LBE corrosion specimens mounted with molybdenum wire to
titanium rods. (Right) Side view of the 1 000hr corrosion specimen for the oxidizing furnace
prior to corrosion testing.
3.5.2.1.1 Testing Procedure
Prior to the 1 000hr static corrosion test, all thermocouples, moisture meters, and oxygen meters
were checked for functionality. All the fittings in the Ar/H 2 gas supply system and furnaces
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were checked for leaks. The continuous hydrogen supply system and continuous argon supply
system were tested to insure that changing a gas bottle would not affect the gas composition
running to the furnace. The mass flow controllers (MFC) were tested relative to a series of
rotameters by water volumetric displacement method.
In Short's 506hr corrosion test the H2/H20 ratio for the reducing and oxidizing furnaces were:
780-900 and 0.86-1.0 [1]. In order to stay consistent with these test conditions, the hydrogen and
moisture concentration were selected appropriately.
One kilogram of 55.5wt% Bi 44.5wt% Pb eutectic mix was placed into each McDanel Advanced
Ceramic ACN3768 alumina crucible. Each sample was attached to a titanium rod coated with
TiCN. The samples were attached with a 1mm thick molybdenum wire through the holes in the
sample and the rod (Figure 34 above). Each titanium rod was then attached to the sample holder
in the lid of its respective furnace. An alumina crucible with 1kg of LBE was placed in the
center of each furnace. A piece of pure iron and pure chromium were placed on either side of
each alumina crucible. These iron and chromium samples act as a secondary gauge for
determining if the oxygen concentration in each test was below or above the oxide formation
potential for Fe2O3 and Cr 2O3. The lid of each furnace was sealed on a copper gasket with 1.5in
bolts. The bolts were coated in Jet-Lube 550 Petrochemical Grade Anti Seize Lubricant and
tightened with a torque wrench to 60, 100, 130, and then 160 lb-in (Figure 35 below). The HP
3852 Data Acquisition/Control Unit and Oxy-Gon OG- 120M gettering furnace were turned on.
The hydrogen mass flow controller was set to 0.25 SCFH and all valves on the argon and
hydrogen supply lines opened. The furnaces were vacuum pumped to 30 in Hg and then back
filled with a mixture of 26 SCFH Ar + 0.25 SCFH hydrogen. All seals on each furnace were
then checked with Cantesco Gas leak detector fluid. If a leak was found it was fixed. The
furnaces were evacuated, backfilled, and leak checked three additional times. The gas flow rate
was changed on the mass flow controllers to 10 SCFH Ar and 0.07 SCFH H2 (7000ppmV H2).
The water bath temperature was set to 17'C and the oxidizing furnace gas supply diverted
through the bath. Both the oxidizing and reducing furnaces were then ramped up to 700'C. The
temperature and gas flows were allowed to stabilize. At t = 3hr the gas and furnace temperatures
had stabilized. The corrosion specimens were then inserted into the liquid LBE.
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Figure 35: Image and cross sectional drawing of the LBE furnaces [1].
During the corrosion test the 160 liter industrial quality liquefied argon bottle was replaced
twice. The high purity hydrogen gas bottle did not need replacing. The moisture level in the
oxidizing furnace was maintained between 7000-8000ppmV, first by increasing the water bath
temperature, and second by refilling the water pot in-situ.
After 1000hrs of exposure to LBE at 700'C the oxidizing and reducing furnace samples were
removed from the Pb-Bi bath with the sample holders. The furnaces were then turned off and
allowed to cool under natural convection. The oxidizing and reducing furnace gas flows
remained on until the sample temperature of each furnace reached 40'C to prevent further sample
oxidation. Figure 36 below shows a matrix of the corrosion conditions under which the piping
product was tested.
Conditions for Corrosion Testing of the Piping Product
Condition Time (hr) Temperature (C) H2/H20 (ppmV)
Reducing 1000 722 2441
Oxidizing 1000 700 4.42
Figure 36: Corrosion conditions for testing the piping product.
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fopper Gasket
3.5.2.1.1 Analysis
After the corrosion test, two 5 mm thick sections were cut from each 1000 hr corrosion
specimens with a LECO Vari/Cut VC-50 Wafering Saw (total of 4 sections). Each section was
then mounted in ProbeMet Conductive Thermosetting Molding Compound with a Struers
PrestoPress 3. The mounted corrosion specimen sections were then polished to a 0.05um surface
finish on a Buehler-EcoMet 3000 Variable Speed grinder-polisher. The polishing scheme was
120 rpm and 8 lb force for 4 min on 120, 180, 240, 320, 600, 800, 1200 grits then 6, 3, 1, 0.25
diamond suspension and then 0.05um alumina suspension. Two samples were then etched for 2-
2 2 min with a 2% Nital solution. These two samples were then stained for 40 sec with a
Kalling's #2 solution. The two polished, etched, and stained corrosion specimen sections were
then analyzed in a Zeiss Metallograph Microscope. The remaining two polished corrosion
specimens were analyzed in a JOEL JSM-66102V Scanning Electron Microscope.
3.5.2.2 Samples for the LANL DELTA Loop
The Los Alamos National Laboratory has requested samples of the piping material for long term
flowing corrosion tests. The samples will be inserted into a 2.220" OD material sample holder
(Figure 37 below) before being placed in the DELTA loop. A minimum of 9 samples were
requested with the following dimensions: 35 mm x 8 mm x 1 mm, tolerance 0.1 mm.
Corrosion Samples - Thin strips: Size/Shape
Area not exposed to LBE
LBE flow
direction
35mm
I1mm8m
8R Hasemann, "Material studies for LME cooled nuclear applcations, PhD Thesis
March 2008, LANI Leoben (Austria).
Figure 37: (Left) Material sample holder for the DELTA loop. (Right) Example of a corrosion
sample for the material sample holder [29].
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A CAD file for the corrosion samples was created and provided to the PSFC for fabrication
(Figure 38 below). A total of 12 samples were requested with the following dimensions: 35 mm
x 8 mm x 1 mm, tolerance 0.1 mm. With the CAD file, a 4.5in section of the heat treated ID clad
#5 piping product was provided from which the samples could be fabricated. The Fel2Cr2Si
"cladding" layer on the #5 pipe is ~850um.
1 2
1.378[35.0]
Cutting Diagram
Notes:
1 Specimens to be cut lengthwise from tube
with one face tengent to the rosde diameter
of the tube. tr
2 Mark taci opposite he face tengent to the
inside of fth tube with specimren number.
Use vibrating maring tool do not stamp
3 Sample may be made tnger for holng
during manufacture. Final step trim to lengt
1
Togent Foce
2
Figure 38: The above figure shows a CAD drawing of the 1x8x35 mm corrosion samples for the
LANL Delta Loop.
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Chapter 4 - Results
4.1 Microstructural Characterization of the as-received Piping Product
A detailed microstructural analysis was conducted on the pipe product. This analysis used
optical microscopy, Vickers indentation, dye-penetrant inspection, and borescope analysis to
determine the condition of the as-received piping product.
4.1.1 Optical Microscopy + Hardness
Figure 39 shows a cross sectional view for each of the five pipes at ~0.635cm (0.25in) from the
end of each ID clad pipe. The Fel2Cr2Si layer is on the right in each image. The T91 material
is on the left. All five pipes show the protective Fel2Cr2Si material on the inner diameter. The
Fel2Cr2Si material is fully bonded to the T91 material in each of the five pipes.
A few cracks were observed along the ID in each of the five tubing pieces. These cracks appear
to go completely through the protective Fel2Cr2Si layer and into the T91 (Figure 39). There is a
higher density of these cracks in the #1-4 pipes than in the #5 pipe. The thin connected lines
seen in the Fe12Cr2Si layer are not in fact cracks, but are the outline of the ferrite grains in this
layer.
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Pipe #3
Pipe #5
Figure 39: Shows cracks in the Fel2Cr2Si clad material for the #1-5 pipes at a distance of
O.635cm from the pipes edge. Note the large ferrite grains present in the cladding layer in the
pipe #1 and pipe #3 images. (50x)
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Pipe #4
Figure 40: Shows the T91 microstructure for the #5 pipe Vickers Hardness: 443 HV. The T91
appears to be primarily a martensitic grain structure with -10um carbide precipitates (500x).
In the as received T91 material, the dark blocky grains appear to be mostly martensite with some
white retained austenite. On the middle right hand side of Figure 40 above one can see the sharp
dark martensite needles embedded in a white austenite grain. The -10um dark spots are pockets
where carbides used to reside. The clear spherical spots of comparable size are likely carbides or
carbonitrides of the form MC and MX; where M is Va or Nb [30].
Vickers Hardness for the T91 layer in the as-received Piping
Material
Pipe #1 Pipe #2 Pipe #3 Pipe #4 Pipe #5
Average
Vickers
Hardness 444 446 456 440 431
Figure 41: Average Vickers harness for T91 layer in each of the five ID-clad pipes.
The T91 layer provides the primary mechanical support for the piping material. Figure 41 shows
that the average Vickers hardness values for the T91 layer range from 431-456 HV. A 100%
martensite T91 material will have a Vickers hardness of 420 HV [15]. If we couple the
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microstructure and hardness data one can see that the as received piping material has a ~100%
martensite phase with additional residual stresses from drawing / quenching. The pipes high
hardness indicates that the pipe was likely heat treated to a temperature above the T91 A3
transition temperature ~1000C and quenched following tube drawing.
The ASTM-A213-1 lA specifications for T91 the hardness values should be in the range of (196-
265HV) for a properly heat treated material [21]. The average hardness value for the T91 layer
in the as-received piping material is 443 HV. Thus in order to bring the mechanical properties to
within ASTM standards, the piping material must undergo heat treatment.
Although all five ID -clad pipes had a fully adhered protective Fel2Cr2Si coating, cracks were
observed in the Fel2Cr2Si material. The cracks in the Fel2Cr2Si material circumvent its
protective abilities. These cracks are likely the result of tensile stresses induced during drawing
of the piping material. The piping material was drawn from 9.53cm (3.75in) outer diameter
TREX tubes. Short et al. (2010) did not observe cracks in the TREX tubes before drawing [1].
Therefore it is thought that the cracks are induced in the drawing process.
It should be noted that while cracks were observed in the Fel2Cr2Si layer it is expected that
future process optimization would eliminated these defects. The purpose of this research was to
demonstrate proof-of-principle for the concept.
4.1.2 Chemical Analysis
The chemical analysis results are shown below in Figure 42. Both the Fe-12Cr-2Si wire and
ingot materials have the correct chromium (12 +/- 0.2%) and silicon (2 +/- 0.12%) concentration.
All elements in the T91 ingot are ASTM standard A213 [21]. There is very little change in the
Fel2Cr-2Si ingot chemistry when it is drawn into weld wire.
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Luvak Chemical Analysis of T91 and Fe-12Cr-2Si Materials
FeCrSi FeCrSi T91 T91 ASTM
Sample Identification Wire Ingot Ingot A213
Carbon 0.007 0.005 0.105 0.08-0.12
Sulfur 0.001 0.001 0.003 <0.01
Nitrogen 0.002 0.001 0.057 0.03-0.07
Iron 85.5 85.6 89 87.34-90.3
Chromium 12.2 12.1 8.39 8.00-9.50
Silicon 2.12 2.11 0.32 0.20-0.50
Phosphorus 0.0059 0.0038 0.019 <0.020
Aluminum 0.03 0.032 0.0061 <0.040
Manganese 0.0024 0.0025 0.47 0.30-0.60
Nickel 0.013 0.015 0.28 <0.40
Tungsten <0.004 <0.004 0.008 ---
Vanadium 0.0039 0.0036 0.21 0.18-0.25
Molybdenum 0.0029 0.0029 0.92 0.85-1.05
Copper 0.032 0.031 0.15 -
Figure 42: Shown above is the chemical analysis of the FeCrSi weld wire, FeCrSi Ingot, and T91
Ingot. Carbon & Sulfur - Combustion infrared detection - ASTM E 1019-08, Nitrogen - Inert
gas fusion - ASTM E 10 19-08, All others - Direct Current Plasma emission spectroscopy -
ASTM E 1097-07.
The upper limit to chromium concentration is dictated by the solubility limit for chromium at
temperatures less than the spinodal decomposition temperature (475 C). At low temperatures,
twelve weight % Cr is at the edge of this solubility limit [20]. Above the chromium solubility
limit one risks forming brittle alpha phase. The silicon concentration should be within the range
of 1 - 2.5 wt%. Below 1 wt% silicon the mass loss is barely reduced, above 2.5 wt% silicon steel
is more susceptible to radiation embrittlement [7]. The chemical analysis has shown that the Fe-
l2Cr-2Si wire and Fe-12Cr-2Si ingot have chromium and silicon concentrations within these
designed limits. Additionally, the T91 has the correct composition according to ASTM standard
A213 [21]. Thus one can expect the piping product, which is made from these two materials, to
have the correct composition as well.
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4.1.3 Dye Penetrant Inspection
In Figure 43 below one can see the inner surface of the #4 pipe. As with all the pipes, the
Fe12Cr2Si material is present on the inner diameter. Section A and B are from opposite ends of
the #4 pipe. One can see that the inner surface of the ID clad pipe appears to be oxidized.
Section A shows a network of cracks in the ID clad layer propagating over one foot into the pipe.
The left piece of section A shows a fractal type crack structure while the right piece of section A
shows primarily closely spaced parallel cracks. The visual inspection of section B did not show
any cracks on the inner pipe surface.
Figure 43: Shows the inner surface of the #4 ID clad pipe. The A section is from one end of the
pipe and section B section is from the opposite end.
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Dye penetration inspection was used to further resolve the crack structures in the ID clad tubing
sections A and B [31]. Figure 44 below shows that while there is extensive cracking in the ID
clad on the A end of pipe #4 there is none visible on the B end.
B
Figure 44: Liquid penetrant inspection of sections A and B from ID clad pipe #4.
Figure 45 below shows a cross-sectional view of the inner diameter of the pipe #4 at one foot
into each end. The Fel2Cr2Si cladding thickness appears to be on the order of 350-50pRm. In
both section A and section B cracking was observed in the Fel2Cr2Si layer. The cracking
however was much more prevalent in section A than in section B.
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Figure 45: Half inch rings from section A (left) and section B (right) polished to 1200 grit and
stained with Kallings No. 2. The Fel2Cr2Si layer (or ID clad material) is shown on the right in
each picture (50x).
Visual inspection and dye penetrant inspection of the inner surface of the #4 pipe has shown
cracking to within 30.48cm (12") of the pipe edge. While the presence of cracks is concerning it
is not project limiting. It appears that there are some areas of minimally damaged material
(section B) that can be used for diffusion, irradiation, tensile, and creep studies. The cracks in
the ID clad layer are visible to the naked eye. Thus a borescope can be used to differentiate
between defected and usable ID clad material. Before this tubing can be produced on an
industrial scale however, the conditions for drawing down the tubing dimensions from as
extruded to schedule 80 dimensions must be modified to reduce cracking of the ID cladding
layer (Fel2Cr2Si).
4.1.4 Cladding Thickness Measurement
Figure 46 below shows the sectioned #4 ID clad pipe. The inner surface of the ID clad pipe #4
appears to have areas of oxidation across the entire length. Some degree of cracking was seen in
the ID cladding layer in every 30.48cm (12") section of pipe #4. The ID cladding on sections A
and C had the most extensive amount of cracking (-20 cracks at a given cross section) with
section L and B had the least (-2 cracks at a given cross section).
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Figure 46: Shows the sectioned pieces of pipe #4. The C section is located in the lower left hand
corner and the L section is located in the upper right hand corner. In the background one can see
the A and B sections.
Figure 47 shows that the average cladding layer thickness is 428um. The standard deviation of
the cladding layer thickness is 125um. This low standard deviation shows that there is an even
distribution of cladding along the length of the #4 pipe. The radial distribution of cladding
material however is not as even. For section K the cladding layer thickness reached a minimum
value of 91 um at one point in the radial direction.
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Figure 47: Shows the thickness of the Fe12Cr2Si cladding layer in the ID clad #4 pipe as a
function of position.
Further analysis of the #4 pipe has shown that the cracking in the Fe12Cr2Si layer extends the
entire length of the pipe. The average Fel2Cr2Si cladding layer thickness is 428um and the
minimum value is 9lurn.
Once again, the cracking in the piping material is most likely due to improper processing during
drawing of the tubing material. Short et al. (2010) did not observe cracks in the TREX tubes
before drawing [1]. Future processing should use more annealing stages in between dies or use
more dies in the process to reduce the change in pipe diameter in each draw. If the issue with
cracking can be resolved, the life time of the piping material will be determined by the minimum
cladding layer thickness. For this pipe the minimum Fel2Cr2Si layer thickness is 9lum.
4.1.5 Borescope Inspection
Figure 48 below shows borescope photos for the inner surface of the #1, #2, #3, and #5 pipes.
Each inner surface photo for the #1, #2, #3, and #5 pipes resemble the sectioned #4 pipe. There
are areas of thin oxide on the inner surface of each pipe and cracks in the ID clad material. The
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cracks are oriented parallel to the pipe length. Note the oxidation along the crack shown in pipe
#3. Note the long parallel cracks shown in pipe #5.
Figure 48: Shows the inner surface of pipe #1 at 0.5m (Upper Left), pipe #2 (Upper Right), pipe
#3 at 3.Om (Lower Left), pipe #5 at 0.5m (Lower Right).
Figure 49 below shows a summary of the borescope inspection on the ID clad tubing. This
inspection shows that there are no areas in the pipes longer than a meter that are free of
cracks/defects.
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Figure 49: Shows the areas in the four un-sectioned pipes where cracks were observed with the
Olympus IV7000 Borescope.
The borescope inspection has shown that all of the ID-clad pipes have extended cracking in the
Fel2Cr2Si layer running the length of each pipe. These defects coupled with the T91 hardness
values and microstructure from Section 4.1.1 tell us that all of pipes were likely drawn using the
same procedure, and thus material selected from any pipe will be equivalent. Thus one can
equally use material from any pipe for creating tensile bars / creep specimens, corrosion
specimens, material to supply to the delta loop, or any other material tests.
4.1.6 Evaluation of the Microstructure Design Criteria
The microstructural evaluation found that the piping product fulfilled 4 of the 5 design criteria.
These criteria require that the piping product have good mechanical properties, the correct
chemistry / microstructure, the product is free of defects, and that the Fe12Cr2Si layer provides
an even coat.
It was found that the T91 layer in the piping material had an average Vickers hardness of 443
HV and a martensitic grain structure. While the Vickers hardness for this material did not fall
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into the ASTM specified range for T91 (196-265HV), this initial hardness value and
microstructure tell one with that with the proper heat treatment the piping product will have good
mechanical properties [21]. It was found that the Fe 1 2Cr2S i weld wire / ingot and the T91 ingot
all had the correct chemical composition. The Fe-12Cr-2Si wire and ingot materials had the
correct chromium (12 +/- 0.2%) and silicon (2 +/- 0.12%) concentrations. All elements in the
T91 ingot were within the allowable range as specified in ASTM standard A213 [21]. The
piping product was fabricated from these materials and therefore is expected to have the correct
chemical composition as well. It was found that the Fel2Cr2Si layer in the piping product was
present in all five pipes. The Fel2Cr2Si layer completely coated the inner surface of each pipe
in both the radial and axial directions. The average cladding layer thickness in the axial direction
was 428um and the minimum thickness in the radial direction was 9lum. Although the radial
distribution of the Fel2Cr2Si material was not as even as hoped, the axial direction had a very
even distribution with a standard deviation of 125um. Lastly, the piping product failed the final
design criteria. The final design criteria specified that the material should be free of defects.
Each of the pipes showed cracking within the Fel2Cr2Si layer that extended the length of each
pipe. While this problem will need to be solved before the product see's service in a reactor, this
issue does not present a formidable design challenge, as this was the first batch of pipes that has
been produced and all but 1 design criteria was satisfied. Additionally, it was found that the
piping material was defect free until the tube drawing stage where the cracking was induced in
the Fel2Cr2Si layer. Future tube drawing should use more annealing steps between dies or a
larger number of dies to reduce stress within the piping product during processing.
4.2 Heat Treatment of the Piping Product
A series of heat treatments were performed on the as-received piping product in order to
optimize the microstructure and mechanical properties of the T91 and Fel2Cr2Si layers.
4.2.1 Heat Treatment of Test Sections
In the first round of heat treatments, a Lindberg Blue high temperature furnace was used to treat
four sections of the #5 ID clad pipe (normalizing at 10800 C for 20min and then tempering at
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780'C for lhr). The following are the four heat treatment conditions: 1) normalized 2)
normalized and tempered 3) ramp normalized 4) ramp normalized and tempered. The
microstructural results of the heat treatment are shown below in Figures 50-54.
Figure 30: Pipe #3 ZU2x, As Received (HV: 42U).
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Figure 51: Pipe #5 200x, Normalized (1080C 20min) (HV: 395).
Figure 52: Pipe #5 200x, Normalized (1080C 20min) and Tempered (1hr 780C) (HV: 212).
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Figure 53: Pipe #5 200x, Ramp Normalized (1080C 20min, 196C/hr ramp) (HV: 394).
Figure 54: Pipe #5 200x, Ramp Normalized (1080C 20min, 196C/hr ramp) and Tempered (1hr
780C) (HV: 214).
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Shown on the right in each image is the cladding layer, on the left is the T9 1. In the as received
T91 material, the dark blocky grains appear to be mostly martensite with some retained austenite
(Figure 50).
As expected, both the normalized/quenched and ramp normalized samples have significantly less
carbides in the T91 layer than the as-received material. The ramp normalized sample had more
time to cool so it formed a larger lathed martensite while the normalized and quenched sample
has a smaller grain size and finer martensite (Figures 51, 53). The tempered samples have a
higher density of carbides (Figures 52, 54). The carbides are useful for slowing creep in the T91
but both of the tempered samples show carbides that are much coarser than the reference T91
microstructure (Figure 55). Thus the tempering time should be reduced for the normalized and
tempered samples. Lastly, the ramp normalized and tempered sample showed white grains
interspersed with martensitic grains (Figure 54). It is thought that the ramp normalized material
passed through the F + C region in the TTT diagram forming some bainite (Figure 8).
It is also thought that the slow cooling rate in the ramp normalized material resulted in more
retained austenite (white grains) (Figure 53).
Tempered martensite has been shown to be more tolerant than austenite to radiation-induced
swelling [16]. It has also been shown that a material with a homogenous distribution of fine
carbides is more resistant to creep when subjected to a high stress high temperature environment
(for example: piping in a LBE cooled nuclear reactor) [22]. The normalized/air-quenched and
tempered/air-quenched T91 microstructure shown in Figure 52 has a fine tempered martensite
grain structure with homogeneous distribution of fine carbides. Therefore this material was
selected as having the best microstructure following the first round of heat treatments.
ASTM A213 requires the T91 layer to have a hardness within the range of 196-265 HV. The
current hardness values of the tempered materials are on the low end of this range (Z 212 HV).
Given that creep lifetime and yield strength are proportional to the material hardness, the second
round of heat treatment had a goal of increasing the hardness of the T91 and thus increasing its
creep resistance and yield strength [23].
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Figure 55: Reference T91 microstructure 500x, (HV 220) [32].
A second round of heat treatment experiments was conducted in order to optimize the T91
microstructure and mechanical properties. The Lindberg Blue high temperature furnace was
used to treat five sections of the #5 ID clad pipe (normalizing at 1080'C 20min tempering at
780'C). All samples were air cooled following normalization and following tempering. The
following are the five heat treatment conditions: 1) double normalization (i.e. normalized twice)
2) double normalization + lhr temper 3) normalization + 30min temper 4) normalization +
45min temper 5) normalization + slow ramp down temper. The microstructural results of the
heat treatment are shown below in Figures 56-60.
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Figure b6: Pipe #b 2Ux, Double Normalized (1080C 20mm) (398HV).
Figure 57: Pipe #5 200x, Double Normalized (1080C 20min) and Tempered (lhr 780C)
(219HV).
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Figure 58: Pipe #5 200x, Normalized (1080C 20min) and % Temper (30min 780C) (268HV).
Figure 59: Pipe #5 200x, Normalized (1080C 20min) and 3/4 Temper (45min 780C) (252HV).
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Figure 60: Pipe #5 200x, Normalized (1080C 20min) and Ramp Down Tempered (780C then
ramped down at 7C/min to 600C and then ramped down at 3C/min to 50) (217HV).
Shown on the right in each image is the cladding layer; on the left is the T9 1. Comparing
Figures 51 and 56 one can see the differences in T91 microstructure and hardness for a single
normalization vs. a double normalization. The second normalization did not result in a
significant increase in carbide dissolution. The second normalization does not appear to have
decreased the presence of the white phase (retained austenite or ferrite) by further phase
transformation to martensite (black). This observation is further supported by the similarities in
the single and double normalization average hardness values 395HV vs. 398HV. Thus to get the
ideal microstructure and to reduce the chances for carbon/silicon/chromium diffusion, a single
normalization will be sufficient. The difference in the contrast seen in the T91 phase between
these two conditions is simply due to slight variations in the sample preparation and optical
imaging technique used.
Comparing Figures 57 and 52 one can see that the double normalization and temper resulted in a
smaller distribution of small carbides than the single normalization and temper. Both conditions
showed similar hardness values (219HV vs. 212HV) and microstructure.
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Figures 58, 59, and 52 compare heat treatments with a single normalization and either a 30min,
45min, or lhr temper. The hardness values for these three heat treatments are 268, 252, and
212HV. ASTM A213 requires T91 to have hardness of 196-265 HV. It would appear that the
three-quarters temper (45min) gives the highest average hardness while still being within the
ASTM standard range. The microstructures for these three tempering times were comparable;
with slight increases in grain size and carbide size / number with a longer temper. The 1 hour
temper had a very dense field of secondary carbides dispersed in the T91 material. These
carbides will likely help the creep properties of the material through either the Orowan
mechanism from precipitation hardening or by Zener pinning of the grain boundaries [33].
These carbides however come from either phase separation of retained austenite or break down
of the martensite phase. The interface between the martensite and austenite phase is a very high
energy incoherent boundary. The stress field associated with this boundary will act as an
impediment to dislocation motion or as a recombination center for radiation induced interstitial /
vacancy pairs. Thus it is believed that if the mechanism by which these carbides nucleate is from
primarily a loss of the martensite phase. An over tempering of the material may reduce the
materials radiation tolerance through a reduction in the overall interfacial energy within the
material.
In each of the tempered samples one sees an overall significantly darker T91 material. The white
phase with sharp black martensitic features has begun to be replaced with a lathed black / white
structure with small dots of black. It is believed that this structure is bainite. The lathed nature
of this structure indicates the presence of pearlite. However, if one looks at the TTT curve for
this material one can see that a 1 hr of temper puts one at ~20% in the nose of the ferrite / carbide
(or pearlite) regime (Figure 8). The partial temper and rapid quench would not allow the
material to be fully transformed thus creating something in-between a pearlite and martensite
structure i.e. bainite.
Compiling and comparing all of this microstructure and hardness information a final heat
treatment profile was selected for the piping product. The optimized heat treatment profile for
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T91 in the ID clad piping is 1) 20min normalization at 1080C 2) air quench 3) 50min tempering
at 780C 4) air quench. The 50min tempering time was chosen to bring the hardness value closer
to the upper limit of the ASTM A213 range of acceptability.
Figure 60 shows the microstructure of the T91 layer for a slow ramp down after the tempering
stage. This sample shows a large presence of secondary carbide precipitation. This further
carbide precipitation is likely due to the longer times experience by the material during cool
down from the tempering stage leading to further carbon diffusion. The ramp down profile was
chosen to be as gradual as possible without passing through the "nose" of the TTT curve thus
avoiding further phase transformation. The hardness of the ramp down tempered sample (Figure
60) was comparable to the simply tempered and air quenched sample (Figure 52), 217 vs.
212HV. Thus it would appear that a slow ramp down after tempering does not reduce any
residual stress's that may exist in the T91 phase; thus further supporting the optimized heat
treatment.
The Fel2Cr2Si layer did not change for any of the nine pipe sections in any of the heat
treatments. No phase changes were observed, grain growth, or additional cracking were seen in
the Fel2Cr2Si layer.
This section has developed an optimized heat treatment profile for the piping product. No
changes were seen in the Fel2Cr2Si layer for any of the nine heat treated specimens. Thus the
optimized heat treatment profile was chosen by T91 microstructure and T91 hardness values.
The optimized heat treatment is: 1) 20min normalization at 1080C 2) air quench 3) 50min
tempering at 780C 4) air quench. This heat treatment will produce a fine grained tempered
martensite T91 grain structure with an average microhardness value of ~252HV (Figure 59).
This hardness value is at the upper limit of ASTM standards (196-265 HV) so the material is
expected to have good mechanical properties (creep and strength). The heat treated material has
a fine distribution of carbides which are believed to improve the creep strength through either the
Orowan mechanism or by Zenner pinning of the grain boundaries [33].
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4.2.2 Heat Treatment of 30.48cm (12") Tensile / Creep Piping Product
Test Sections
The details of optimized heat treatment and characterization results are shown below in Figure
61. Figure 61 shows that for a 30.5cm (12") section of ID clad piping the Vickers hardness
values have a good distribution at the upper bound of the ASTM standard A213 limits. The
average hardness value for the 30.48cm (12") section is 254 HV with a standard deviation of
9.93HV. The ASTM upper hardness limit for this material is 265HV. The T91 layer shows a
fine grained tempered martensite structure and there appears to be no changes within the
Fel2Cr2Si microstructure. Thus it is expected that this heat treatment will produce material that
is easy to machine, has good mechanical properties, and has the desired microstructure.
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Figure 61: Shows the results for the optimized heat treatment: normalized at 1080C 20min and
tempered at 50min 780C. (Left) 50x Image of T91 and Fe12Cr2Si microstructures. (Right)
Hardness values as a function of position in pipe section B after heat treatment and an image of
section B prior to heat treatment.
Upon the completion of a successful heat treatment of section B, six sections of pipe #4 were
heat treated with the optimized heat treatment and then sent to the PSFC machine shop to be
fabricated into tensile bars for tensile and creep property characterization. The heat treated pipe
sections can be seen below in Figure 62.
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Figure 62: Shows six random sections of pipe #4 after undergoing the optimized heat treatment.
This section has shown that the optimized heat treatment can be applied to sections up to
30.48cm (12") in length to produce a fine grained tempered martensite T91 material in the
composite piping with an average hardness of 254 HV. No changes were seen in the
microstructure of the Fel2Cr2Si layer and no cracking was observed during heat treatment.
Thus this heat treatment will therefore produce composite piping material that is easy to
machine, has good mechanical properties, has the desired microstructure and still retains its
corrosion resistant properties.
4.2.3 Heat Treatment of a 30.48cm (12") Corrosion / Diffusion Piping
Product Test Section
A ~ 30.5cm (12") length of pipe has been cut from the #5 pipe and heat treated. This heat treated
section will be cut and polished for use as corrosion and diffusion specimens.
4.2.4 Evaluation of the Heat Treatment Design Criteria
This evaluation of the piping product found that the fully optimized heat treatment process
produced piping material that fulfilled 5 of the 5 design criteria. These criteria require that the
piping product show little sign of grain growth / diffusion and no additional cracking during heat
treatment. Additionally, these criteria require that the T91 layer in the piping product have an
ASTM level hardness and a tempered martensite microstructure.
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No additional defects were seen in the piping material following heat treatment. The Fel2Cr2Si
layer did not experience a change in microstructure and very limited grain growth was observed
in either the T91 or Fel2Cr2Si layers after heat treatment. There were no diffusional phase
transformations observed at the Fel2Cr2Si / T91 interface following heat treatment. It was
found that the T91 layer in the heat treated piping product had an average Vickers hardness value
of 254HV. This hardness is at the upper limit of the ASTM 213 standard for T91 (196-265HV)
[21]. This material is therefore expected to have both a high ultimate strength and high fracture
toughness. Lastly, it was found that the T91 layer in the heat treated piping material has a
tempered martensite grain structure. Tempered martensite is known to be very tolerant to
radiation [16]. Garner (2010) showed that for materials with similar chemistry but different
microstructures EEP450 (1:1 ferrite to tempered martensite grains) and HT-9 (all tempered
martensite) secondary void swelling started at 300dpa in the purely tempered martensite HT-9
material [16]. Thus one would expect the properly heat treated piping product, which contains a
tempered martensite T91 structural layer, to show low void swelling and consequently good
mechanical performance under irradiation.
4.3 Creep and Tensile Properties of the Heat Treated Piping Product
This section presents the tensile properties of the piping product material tested at 25'C and
700'C. This section presents the creep properties of the piping product material at 650'C. This
section also presents the tensile properties of the Fel2Cr2Si weld wire at 25'C.
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4.3.1 Tensile Properties of the Piping Product
A summary of the piping product material constants can be seen below in Figure 63. Figures 64-
67 show the stress strain curves for the piping product.
Tensile Test Data Summary for ID Clad Pipe #4
-Section ID 6 5 4 1
Temperature ( C) 21 22 699 700
Elastic Modulus (GPa) 189 --- --- ---
0.2% Yield Strength (MPa) 533 513 142 141
Ultimate Strength (MPa) 654 632 156 166
% Elongation 22 23 33 27
% Elongation at a ultimate 12 13 2 5
Figure 63: Test matrix summarizing the results of the ID clad pipe #4 tensile tests.
The first thing to note about Figure 63 is that the elastic modulus was only accurately measured
for one tensile test. On the other three tensile tests the sample failed directly above the
attachment point of the ATS extensometer. Additionally it appears that the ATS extensometer
slipped during all but one of the tensile tests. Therefore an accurate measurement of the strain in
these three samples could not be obtained for the elastic region of the stress strain curve. The
reference value for the T91 modulus of elasticity is 218 MPa at 25'C [15]. The 0.2% yield
strength, ultimate strength, and % elongation in the samples tested at 25'C exceeded the ASTM-
A335 minimum requirements for T91: 415MPa, 585MPa, and 20% [19]. The average
Fel2Cr2Si cladding layer thickness in these tensile bars was 428um. The cladding layer in these
samples therefore comprises about 8.4% of the 0.2in (5080um) thick piping wall. Thus one
would expect the mechanical performance to be primarily controlled by the properties of the T91
material.
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A Section 5
ASection6
200
-0.05 0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4
Strain (mm/mm)
Figure 64: Stress / Strain curves for the ID clad pipe #4 tested at 25'C.
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Figure 65: Stress / Strain curves for the ID clad pipe #4 tested at 700'C. Note that the dip seen
for the Section 1 data series signifies removal of the MTS extensometer.
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Figure 66: Stress / Strain curves for the ID clad pipe #4.
25'C and 700'C.
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Figure 67: Stress / Strain curves for the ID clad pipe #4. This graph compares sections tested at
25'C and 700'C. Note that the dip seen for the section 1 data series signifies removal of the
MTS extensometer.
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Figure 64 above compares the piping sections tested at ~25'C. Figure 65 above compares the
piping sections tested at 700C. The two 25'C samples had a 22 MPa difference in ultimate
strength while the two 700'C samples had a 10 MPa difference in ultimate strength. These
figures show that the heat treatment is very consistent and that the heat treatment can give piping
material reproducible mechanical properties.
Figures 66 and 67 above compare how the mechanical performance of the piping product
changes from 25'C to 700C. Comparing sections 5 and 4 one see's that the ultimate strength at
700'C is only 25% of its value at 25'C. Comparing sections 6 and 1 one see's that again the
ultimate strength at 700C is only 25% of its value at 25'C. These results show that there is a
significant decrease in the mechanical performance of the piping product at 700C.
An initial visual inspection was performed on the broken tensile specimens. This visual
inspection shows that the Fel2Cr2Si clad layer is still fully adhered to the T91 structural material
for the 25'C and 700'C tensile specimens (Figure 68).
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Figure 68: (Top) Side view of the piping product tensile test specimen, broken at 25'C. (Bottom)
Side view of the piping product tensile test specimen, broken at 700'C. Note the bond between
the Fel2Cr2Si cladding layer on the top surface and the base T91.
Figure 69 shows that the 700'C sample necked severely before failure almost to a single point.
Thus the piping product shows great ductility at this temperature. The 25'C test had limited
necking and failed in a characteristic cup / cone shape. Before failing, the Fel2Cr2Si cladding
on the 700'C sample developed cracks along its surface perpendicular to the direction of pull.
Many of these cracks seem to extend into the T91 base material. The cracked region extended to
about 1cm along the gage length in either direction. The 25'C sample did not exhibit this
behavior.
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Figure 69: Broken tensile test bars. (Left) Section 1 broken at 700'C. (Right) Section 6 broken
at 250C.
To better understand the integrity of the Fel2Cr2Si layer post break, the broken tensile bars
shown in Figure 69 were sectioned at 5mm from the breaking point with a wafering saw and
imaged in an optical microscope. Figure 70 below shows that at 5 mm from the breaking point
there is no dis-bonding between the Fel2Cr2Si and T91 material. This is true for both the tensile
behavior at 25'C and 700"C. What one can see from this surface and fracture analysis is that for
a failed pipe, the Fel2Cr2Si layer will still be protecting at -1cm from the point of fracture.
Thus only a small section of a failed pipe would need to be replaced if failure were to occur.
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Figure 70: Post-break analysis of the cross section of a tensile test sample along its gauge length.
(Upper Left) Top half of section 4 broken at 700'C. (Lower Left) Bottom half of section 4
broken at 700'C. (Upper Right) Top half of section 5 broken at 25'C. (Lower Right) Bottom
half of section 5 broken at 25*C (50x).
It has been shown that the yield strength, ultimate strength, and % elongation at failure for the
piping product all exceed the ASTM-A335 minimum requirements. It has also been shown that
the optimized heat treatment can give the piping material reproducible mechanical properties.
When the piping product is operating at 700'C the ultimate strength of this material is only 25%
of its value at 25'C. It has been shown that for a fractured pipe one will see no dis-bonding
between the Fe12Cr2Si layer and the T91 layer past 5mm from the point of fracture.
Additionally outside of 1cm from the point of fracture the Fel2Cr2Si layer will still be
protecting.
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Figures 71-73 below show how the functionally graded T91 / Fe 1 2Cr2Si piping materials
mechanical properties compare to that of pure T91 as a function of temperature.
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Figure 71: T91 yield strength as a function of temperature
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Figure 72: T91 tensile strength as a function of temperature [15]. The red dots represent the
functionally graded T91 / Fel2Cr2Si piping material.
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Figure 73: T91 % elongation as a function of temperature [15]. The red dots represent the
functionally graded T91 / Fel2Cr2Si piping material.
Figures 71 and 72 above show that the yield strength and ultimate tensile strength of the
T91/Fe12Cr2Si piping material were all within one standard deviation of the average values for
T91 at 25 C. At 700 C the yield strength and ultimate tensile strength of the T91/Fe12Cr2Si
piping material were at the lower end of the T91 property distributions. This slight reduction in
the mechanical properties is likely due to the relatively thick (8.4%) Fel2Cr2Si layer which is
present on the piping material. At 25C the average % elongation of the piping material was
within one standard deviation of T91, while at 700C the % elongation of the piping material was
7-13% less than the average value for T91. The reduced elongation during failure of the piping
material indicates that the heat treated material is harder than expected. With another ~10min of
tempering this % elongation will to move closer to the average values for T91 at 700C. Overall
the tensile testing of the ID clad pipe #4 shows that the optimized heat treatment was successful
and that one can expect the piping product to have similar mechanical behavior to that of T9 1.
4.3.2 Creep Properties of the Piping Product
At 650 C and 100 MPa it was predicted that creep bar would take 1000 hrs until failure by creep.
The creep bar however failed after 185hrs at 650C and 100 MPa. A secondary calculation
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confirmed that the stress in the bar was indeed 100 MPa (3346 N force on a 3.346x10~'m2). The
temperature was maintained at 650'C +/- 5'C for the full length of the creep test. To better
understand the creep behavior, the point of fracture in the tensile bar was further inspected with
optical microscopy and Vickers microhardness indentation.
In Figure 74 below one can see the inner surface of the creep bar before and after creep testing.
The rusty residues seen in Figure 74 are remnants from the tube drawing process. Figure 74
shows that the creep sample necked almost to a single point before failing. This degree of
necking was characteristic of the tensile behavior at 700 C. The photographs of Section 2 before
creep testing did not show any sign of surface defects near the point of failure. Thus there is no
reason to think that the stress values were higher than calculated values for this region.
Figure 74: Creep test section 2, broken at 650'C and 100 MPa force after 185 hrs.
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Figure 75 below shows a cross section of the gauge length taken at 5 mm from the point of
fracture. Much like the tensile samples, the Fe12Cr2Si layer is still fully adhered to the base T91
material after rupture of the sample. Additionally, at 5 mm from the point of fracture there were
no cracks or other defects observed in the Fel2Cr2Si layer.
Figure 75: Post-break analysis of the cross section of a creep test sample along its gauge length.
(Left) Top half of section 2 broken at 650*C. (Right) Bottom half of section 2 broken at 650'C
(50x).
Figure 76 shows that during creep testing at 650'C there is a significant drop in the average
hardness value of the T91 material (280 -- 196 HV). This indicates that the heat treated piping
product may not be stable at this temperature and one can expect degradation in the mechanical
properties upon long term exposure to 650'C.
Vickers Hardness Values for the Section 2 Creep Samples 650'C +/- 50C
Avg. Hardness
Sample Hardness (HV) (HV)
Before Creep Testing 279 286 277 275 279 286 280
After Creep (Top Section) 192 189 193 193 196 193
After Creep (Bottom Section) 201 192 194 195 198 196
Figure 76: Hardness values for the two sides of the section 2 creep specimen.
In Figure 77 below one can see how the rupture lifetime of the functionally graded piping
product compares to that of pure T91 material. The red circles represent the average hardness
value before and after creep testing for the T91 layer in the functionally graded composite
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piping. One can see that after creep testing, the rupture life time for the composite material is
within the normal distribution for T9 1, but before creep testing the rupture life time is much
lower than the hardness value predicts. It is thought that this reduction in hardness is likely due
to microstructural changes in the T91 layer for the piping product. Note that the final rupture life
for the composite piping material after creep testing still exceeds the minimum Grade 91 life
time.
Figure 77 also shows how the microstructure can be used to predict the creep properties of a T91
metal. As the Vickers hardness of the T91 material is increased, so increases the rupture life
time of the material. These longer rupture lifetime variants of T91 have a larger presence of
(dark) tempered martensite phase surrounded by (white) ferrite or retained austenite. The
amount of retained austenite present in the material will depend on the length of tempering. The
ASTM range for tempering T91 is 730-800C [15]. Tempering of the quenched T91 steel will
phase transform the retained austenite to ferrite and cementite. The operational temperature of
the LBE cooled nuclear reactor is 700'C, which is just below the AC 1 transition temperature
(830-850'C) so that one would observe further transformation of any retained austenite phase
[15][34].
The dark, needle-like features are likely martensite, while the small spherical carbides are likely
cementite or chromium carbide. Cementite could come from either an austenite to ferrite +
cementite transition during annealing or decomposition of the martensite into cementite + ferrite
during annealing. As you move to a softer material you see less of the needle-like features, less
dark phase, and more spherical dark inclusions. It is believed that this change in microstructure
comes from further decomposition of the martensite phase. The softest material has almost no
dark needle features and the dark phase is present only in a spherical form near the grain
boundaries.
The microstructure of properly heat treated T91 steel consists of what is called tempered
martensite [35]. It is not purely bainitic because it is not slow cooled from a pure austenite
phase. The as quenched material is a blend of retained austenite and martensite [34]. Upon
tempering the material forms a major precipitated phase which consists of M23C6 carbides,
through further decomposition of the austenite phase [36]. The more tempering the larger
102
number of carbide precipitates. The final microstructure of a properly heat treated T91 steel
(Figure 55) looks much like ~250HV microstructure shown below [32]. Thus we see a good
correlation between what we observe in Figure 77 and the typical microsctructural changes seen
for T91.
Figure 77: Shows the trends in rupture lifetime vs. hardness and microstructure for T91 [23].
The red circles are for the functionally graded T91/Fel2Cr2Si metallic composite which failed
after 185 hrs.
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Looking at Figure 78 one can see how the microstructure of the T91 layer in the piping material
changed during creep testing. The microstructure change for this material is very subtle. Both
before and after creep the T91 has a large presence of dark tempered martensite phase
surrounded by a white ferrite / retained austenite microstructure. The grain size does not appear
to have changed much and the density of the larger (black) carbide particles has not increased.
What appears to have changed during creep testing is that the needle-like features in the T91
material are less pronounced. Before creep testing the needle-like features consist of either a
single solid black phase (martensite) or a string of dark particles in a white matrix (cementite +
ferrite). After creep testing the needle-like features are less pronounced. After creep testing, one
can still see the strings of dark particles in a white matrix; the density of the particles in the
strings however seems to be diminished. The tempering temperature for T91 is 730-800'C.
Referring to Figure 8, the AC 1 transition temperature is located between 830-850'C for T91 and
the AC3 transition temperature is located between 900-940'C [15]. For a creep test at 650'C one
is likely close enough to the AC 1 temperature to expect to see some diffusional changes in the
T91 material. If one couples this microstructure, hardness, creep, and AC 1 /AC3 information
together one can conclude that 1) the reduced hardness for the heat treated piping product is
likely due to partial thermal decomposition of the martensite phase and 2) after prolonged
exposure to 650'C operating conditions the heat treated piping product will undergo some
reduction in its baseline mechanical properties.
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Figure 78: T91 microstructure for the section 2 creep specimen (Top) before creep testing (280
HV) and (Bottom) after creep testing (196 HV).
4.3.3 Tensile Properties of the Fel2Cr2Si Weld Wire
It was found that the Fel2Cr2Si weld wire average ultimate tensile strength at 25'C was 800
MPa. This was surprising as it is actually slightly higher than the average ultimate tensile
strength for T91 (720 MPa at room temperature) [15]. If one compares the carbon content of
these two steels one finds that the T91 contains 0.08-0.12 wt% C and Fe12Cr2Si contains 0.007
wt% C. One would therefore expect the high carbon content steel to have a higher ultimate
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strength. The diameter on each of the weld wires was rechecked and verified to be 0.86 mm, all
calculations were also rechecked and verified to be accurate, and thereby the ultimate strength
values were confirmed. To better understand the high ultimate strength of the Fe12Cr2Si weld
wire, 1cm sections of the weld wire were mounted in two part epoxy, polished to lum, stained
with Kallings #2, and then imaged in the Zeiss Metallograph Microscope. Figure 79 below
shows the microstructure of the Fel2Cr2Si weld wire.
Figure 79: Microstructure of the 0.86mm diameter weld wire viewed length-wise. The direction
of drawing is from right to left.
Figure 79 shows that the grain size for the Fe12Cr2Si weld wire is on the order of l0um. This is
much smaller than anticipated, as the Fel2Cr2Si/T91 compositing piping has a -170um grain
size in the Fe12Cr2Si layer. Materials with a smaller grain size will have an increased yield
strength, and consequently higher ultimate strength, according to the Hall-Petch equation:
S + k, * d /2
Equation 1: Where ay is the yield strength, a, and ky are material constants for a particular
material, and d is the grain size.
106
In addition to the small grain size, the weld wire is also likely highly cold worked from the
drawing process. These two influences combine to explain the high ultimate strength of the weld
wire.
The yield strength measured was unreliable. The average value was 698 MPa. The standard
deviation was 45 MPa. When the weld wires failed, they failed at the point of contact between
the weld wire and the spool of the snubbing grip. The gauge length was measured between the
point of contact of the weld wire and the spool from the upper to lower grip. Because of the way
each wire failed, most of the yielding occurred at the point of contact; this made determining the
strain very difficult. Thus the yield strength values should be considered as "ball park values" at
best. Lastly, materials with similar mechanical properties are easier to co-deform during
extrusion / drawing. The fact that the T91 and Fe1 2Cr2Si have similar mechanical values gives
us hope that with sufficient annealing steps between drawing or pilgering steps one may reduce
the composite tubing to fuel cladding dimensions without cracking of the Fel2Cr2Si layer.
Tensile Test Data Summary for the Fel2Cr2Si Weld Wire
Wire 1 Wire 2 Wire 3 Uncertainty
0.2% Yield Strength (MPa) 691 747 657 +/- 30 MPa
Ultimate Strength (MPa) 786 802 809 +/- 30 MPa
Figure 80: Results from tensile testing the Fel2Cr2Si weld wire.
4.3.4 Evaluation of the Creep and Tensile Property Design Criteria
The creep and tensile property evaluation found that the heat treated piping product fulfilled 4 of
the 5 design criteria. These criteria require that the heat treated piping product exceed the ASTM
minimum mechanical properties for T9 1, have creep properties comparable to properly heat
treated T9 1, and show no change in microstructure during creep testing. Additionally, these
criteria require that the T91 layer in the piping product should have a distribution of fine carbides
and that there must be no disbonding between the Fel2Cr2Si layers after creep / tensile testing.
It was found that the heat treated piping product had a 0.2% yield strength, ultimate strength, and
% elongation at 25C of 533 MPa, 654 MPa, and 22%. These mechanical properties all exceed
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the ASTM-A335 minimum requirements for T91: 415MPa, 585MPa, and 20% [19]. No
disbonding was observed between the T91 and Fel2Cr2Si layers in the heat treated piping
product following creep and tensile testing. It was found that the T91 layer in the heat treated
piping product contained a distribution of fine carbides. The carbide precipitates are known to
improve the creep strength and time to failure for T91 [36]. It has been shown that the average
hardness value of the heat treated piping product (196 HV) exceeded the ASTM minimum
standard for T91 (190 HV) and the time to failure (185hrs at 650 C and 1OOMPa) was within one
standard deviation of equivalent hardness T91. These results show that while the creep
properties of the piping product are comparable to properly heat treated T91 they were only
barely above the ASTM standards. Lastly, the heat treated piping product did not meet the final
design criteria. During creep testing at 650'C there is a significant drop in the average hardness
value of the T91 layer (280 -* 196 HV). This decrease in hardness was accompanied by what
appears to be partial thermal decomposition of the martensite phase. This decrease in hardness
indicates that the microstructure and mechanical properties of the heat treated piping product
may not be stable; this also indicates that one can expect a finite amount of degradation in the
mechanical properties of the heat treated piping product upon long term exposure to 650'C. One
may be able to further improve the creep performance of the piping product through further heat
treatment optimization, operating the reactor at a lower temperature (-600'C), or by replacing
the T91 structural material with a ferritic alloy with better high temperature creep performance
(such as an ODS steel).
4.4 Diffusion Properties of the Heat Treated Piping Product
4.4.1 Diffusion Testing
This section presents the long-term thermal stability of the T91/Fe-12Cr-2Si bond in the piping
product. Optical microscopy and line EDX scans are used to evaluate the microstructure and
composition at the T91/Fel2Cr2Si bond. These measurements are then used to predict the
thermal stability of the piping product.
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Shown below in Figures 81 and 82 are the results for the EDX line scans of the Fel2Cr2Si / T91
interface of the piping product. These figures contain data for the 0, 250, 750, and 1000 hr
diffusion samples. A moving average was fitted to the raw data, to better illustrate the trends in
data, and to allow for all curves to be viewed simultaneously. The 500 hr diffusion sample could
not be analyzed because of an instrument failure.
Silicon Concentration at the Fe12Cr2Si / T91 Interface
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Figure 81: Silicon concentration profile at the T91 / Fe12Cr2Si
specimens at 700'C.
interface for extended diffusion
On the left side of Figure 81 is the Fel2Cr2Si material, on the right is the T91. This figure
shows that all of the concentration profiles follow a characteristic error function. The
concentration profile for each diffusion specimen shows a smooth continuous transition across
the interface, including the zero hour diffusion sample. There is a decreasing steepness of the
concentration profiles with aging time. This observation suggests that there is some inter-
diffusion between the two layers during heat treatment / processing. At the limits of each
concentration profile all curves approach a fixed silicon concentration. Comparing this fixed
silicon concentration to the average values measured in the Fe12Cr2Si weld wire and T91 ingot
one notices that all of the concentration profiles are elevated. The elevated concentration
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profiles are a result of the limited sensitivity of the EDX measurement. The EDX profiles are
only accurate to +/- lwt% Silicon. Due to limitations in time and funding this was the
methodology chosen to analyze these samples. Future inspection of these samples should utilize
an electron probe micro-analyzer (EPMA) which has a much greater sensitivity for elemental
composition (- +/- 0.01 wt%).
In order for the Fe 1 2Cr2Si layer to remain self-protecting the silicon concentration at the
exposed surface of the sample must remain above 1.25 wt% [7]. If we draw a line at 1.25 wt%
and note the silicon concentration as a function of time we see that silicon the concentration
reaches this critical level farther into the T91 base layer as time progresses. The point at which
this intersection occurs we will define as the diffusion zone. Comparing the 1000 hr diffusion
specimen to the 0 hour specimen we see that the diffusion zone has moved from 25um to 39um.
The 250hr and 750 hr diffusion zones were 20um and 20um, smaller than the zero hour. The
chemical potential gradient between these two materials would not allow this to occur, so once
again we are limited in our observations by the sensitivity of the EDX measurement.
Chromium Concentration at the Fe12Cr2Si / T91 Interface
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Figure 82: Chromium concentration profile at the T91 / Fel2Cr2Si interface for extended
diffusion specimens at 700'C.
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Figure 82 above shows that all of the concentration profiles in the T91 region follow a
characteristic error function. In the Fel2Cr2Si layer the behavior is a little more complicated.
On the far left in the Fe12Cr2Si layer one can see a zone where the chromium concentration
drops. Moving towards the interface the chromium concentration builds up and then drops off at
the interface. There appears to be two zones in the Fel2Cr2Si layer, a higher diffusivity zone
further into the material and a slower diffusivity zone next to the Fe12Cr2Si interface. This
observation shows that chromium diffusion is much quicker in the Fel2Cr2Si layer than in the
T91. The chromium cannot enter the T91 layer at the same rate at which it arrives so it tends to
build up at the Fe l2Cr2Si / T91 interface.
The concentration profile for each diffusion specimen shown in Figure 82 has a smooth
continuous transition across the interface, including the zero hour diffusion sample. There is a
decreasing steepness of the concentration profiles with aging time. If one compares the
chromium concentration deep in each material to the average values measured in the Fe12Cr2Si
weld wire and T91 ingot one notices that all of the concentration profiles approach reasonable
values (11.5% chromium in Fel2Cr2Si and ~9% chromium in the T91 material).
In order for the Fe12Cr2Si layer to remain self-protecting the chromium concentration at the
exposed surface of the sample should remain above 10.56 wt% [1]. Drawing a line at 10.5 wt%
chromium and noting the distance at which the average concentration hits this limit we produce
the following curve (Figure 83).
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Figure 83: A log-linear curve fit to location of minimum chromium content during reactor
operation at 7000 C.
The diffusion curve above shows that over the lifetime of the fuel cladding and coolant piping
material one does not expect diffusion further than 35 um into the Fel2Cr2Si layer. Thus when
engineering the fuel cladding or piping one will need to leave a 35 um region in the Fel2Cr2Si
material in addition to a region for corrosion insure that the base T9 1 layer remains protected.
4.4.2 Evaluation of the Diffusion Design Criteria
The diffusion property evaluation found that the heat treated piping product fulfilled 1 of the 2
design criteria. These criteria require that the heat treated piping product contain a diffusion
zone where the concentration of Cr and Si at the exposed Fe12Cr2Si surface never reach the
10.5% and 1.25% lower limits during the reactor lifetime. These criteria also require that the
heat treated piping product show few microstructural changes after prolonged exposure to a
7000 C operating temperature
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It was found that the chromium depletion zone (<10.5wt% Cr) would not reach further than
35um into the Fel2Cr2Si layer from the Fe12Cr2Si / T91 material interface during the 60 year
lifetime of a Pb-Bi cooled nuclear reactor operating at 700'C. The current design specifies a
Fe12Cr2Si layer thickness of 80um (30mil) on a 800um (30mil) thick fuel cladding and a 800um
(30mil) thick Fel2Cr2Si layer on a 6350um thick (0.25") piping product [1]. Combining these
results and the fuel cladding / piping specifications it has been shown that the chromium
depletion zone will not circumvent the protective abilities of the Fel2Cr2Si layer during the
60year nuclear reactor life time. The level of diffusionally driven silicon depletion in the
Fel2Cr2Si layer however could not be determined due to limitations in the sensitivity of the
EDX measurement. Future analysis of these samples should utilize EPMA, which has a much
more precise composition resolution (~0.0lwt%). Due to limitations in time, the final design
criteria could not be performed. Future testing should characterize the microstructure of the
diffusion specimens and comment on any phase transformations that may be observed.
4.5 Corrosion Properties of the Heat Treated Piping Product
This section encompasses a 1000 hr static corrosion test of the piping product at 700'C. Both
reducing and oxidizing conditions were tested. The corrosion specimens were then analyzed
with optical microscopy, SEM, and EDX to determine the nature of the oxide formed under these
conditions. Additionally corrosion specimens were prepared from the heat treated piping
material for flowing LBE corrosion tests in the LANL DELTA loop.
4.5.1 1000 Hour Corrosion Test in Static LBE
4.5.1.1 Analysis of the Testing Conditions
The piping product was removed from the static LBE at 700'C after 1000 hrs +/- 1 hr of
exposure. The moisture level, oxygen level, and temperature can be seen as a function of time in
Figure 84.
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Figure 84 shows that the reducing sample temperature was 722'C and the oxidizing sample
temperature was 700'C +/- 2'C for the duration of the corrosion experiment. An extra 15'C
offset has been added to the reducing sample temperature. This offset accounts for the difference
in the temperature that the thermocouple reads when sitting next to the LBE filled crucible and
the temperature that the thermocouple reads within the crucible. The oxidizing furnace does not
have this offset [1]. The oxygen levels were kept extremely low during the corrosion
experiment, with an average value of 107 +/- 1 ppB in the reducing furnace and 74 +/- 1 ppB in
the oxidizing furnace. The standard deviation for oxygen level was 73 ppB for the reducing
furnace and was 31 ppB for the oxidizing furnace. Note that the oxygen sensors range of
sensitivity is 0.05-50 ppmV. The measured oxygen values are at the lower limit of the sensitivity
for these meters, thus the oxygen measurement is used just as verification that there is no oxygen
ingress into the system during testing. The ratio of H2/H20 provides a more accurate prediction
of the oxygen potential in each furnace.
No increase in the oxygen concentration, as measured by the oxygen sensors, was seen in either
furnace during replacement of the liquefied argon bottle at 445 hrs and 853 hrs. There was
however a 5ppmV transient at 613hrs during an in situ fix of the oxidizing furnace gas outlet
lines (as discussed next).
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Figure 84: Moisture, oxygen, and temperature data for the 1000 hr corrosion test of the piping
product in LBE at 700'C.
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Figure 84 shows that the moisture levels in the reducing furnace remained low with an average
of 3.5 ppmV. The designed moisture level for the reducing furnace was 8 ppmV. Figure 84 also
shows that the inlet moisture level was 78 ppmV. The actual average however manually
recorded from the moisture meter was 24 ppmV. The difference can be attributed to fluctuations
in the inlet moisture level from noise in this meter. The moisture level in the oxidizing furnace
was designed to remain in the range of 7000-8000 ppmV. When the experiment was started the
water pot, which supplies moisture to the oxidizing furnace, was completely filled. The full
water pot explains why the moisture levels were slightly higher than desired during the first 200
hrs. In order to maintain the moisture level in the oxidizing furnace within the desired range, the
water bath temperature surrounding the water pot was raised or additional water was added to the
pot with the in-situ water refilling system. The water bath temperature was increased by 3C at
179 hrs and at 324 hrs. Additional water was added to the pot at 472, 491, 513, 615, and 853 hrs.
Unfortunately the water pot did not have any windows so it was unclear how much water needed
to be added to maintain the water at a constant level. At 583 hrs the water ran out in the water
pot supplying the oxidizing furnace. It took a total of 32 hrs to recognize the problem and refill
the pot.
During the moisture transient at 600hrs the H2/H20 ratio in the oxidizing furnace dropped below
the formation potential for iron oxide for 32hrs. At 632hrs the moisture meter on the 750mL of
distilled water was added to the water pot with the in-situ water refilling system (roughly 3x the
normal refill amount). Water was then noticed dripping from the outlet gas line (start of
moisture spike at 632hrs). The moisture meter was then disconnected from the oxidizing furnace
outlet gas line for a -1 hr window to allow the lines to purge/dry. During this 1 hr window the
moisture level in the oxidizing furnace was not recorded. What is known is that the presence of
water in the oxidizing furnace outlet gas line indicates that water was accidentally injected into
the furnace during the water refill at 632hrs. This would likely create a superheated steam
environment within the furnace. This large increase in moisture concentration was accompanied
by an oxygen potential in excess of that needed to form PbO and Bi 2O3. Therefore the oxidizing
samples are not expected to give an accurate measure of the corrosion rate for the functionally
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graded composite material, but show one what would happen if a large excess of water was
injected into the LBE coolant during a reactor accident.
With an inlet hydrogen concentration of 7000ppmV and the moisture levels mentioned above,
the average H2/H20 ratio was calculated for the oxidizing and reducing furnaces. The results of
this calculation can be seen below in Figures 85 and 86. Note that moisture concentration during
the moisture transient at 632hrs is not included when calculating the average oxidizing vapor
concentration shown below. Figure 86 shows that the average H2/H20 ratio in the reducing
furnace remained in the oxidizing regime and while the average H2/H20 ratio in the oxidizing
furnace was just below oxidizing regime. The lower average H2/H20 ratio seen in the oxidizing
furnace can be attributed to the 32hr period where the water pot ran dry.
Exposure
Time H20 Vapor H2/H20 H2/H20 Ratio
Environment (hr) (ppmV) Ratio (± la interval)
Reducing LBE at 722'C 1000 3.54 ± 1.10 2441 588- 10991
Oxidizing LBE at 700'C 1000 7741 ± 1284 4.42 0.519 - 87.243
Figure 85: Conditions for the 1000 hr static LBE corrosion testing of the piping product. These
calculations were made with the 7000 ppmV H2 gas supply stream.
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Figure 86: Ellingham diagram. The blue lines enclose two regimes: an oxidizing regime and a
reducing regime with respect to iron oxide. The green lines are an upper limit where bismuth
and lead oxide begin to form. By maintaining a low oxygen potential and adjusting the
[H2]/[H20] ratio one can tailor the oxidizing potential to be in either regime. The two red dots
represent the average [H 2]/[H 20] ratio for the 1000 hr static LBE corrosion test in reducing /
oxidizing conditions.
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In each furnace a piece of pure chromium and pure iron were placed as a "go-no go" test to
indicate whether the cover gas was oxidizing or reducing with respect to Fe 30 4. Figure 87 shows
these chromium and iron pieces after removal from the 1000 hr reducing and oxidizing furnaces.
A black / green chromium oxide layer is clearly seen on both the reducing and oxidizing
chromium pieces. The pure iron sample from the oxidizing furnace has a black iron oxide layer
on its surface while the pure iron sample from the reducing furnace does not. One can conclude
therefore that the cover gas in the reducing furnace was somewhere between the formation of
Cr 2O3 and FeO while the cover gas for the oxidizing furnace was more oxidizing than the
formation potential for Fe304 at 700'C. This result has been confirmed by the average H2/H20
cover gas concentrations shown above in Figure 86.
Prior to Testing
U
Fe Cr
Oxidizing Condition Reducing Condition
* U
Fe Cr Fe Cr
Figure 87: The above figure shows various test pieces of iron and chromium. The purpose of
these pieces is to indicate whether the gas environment was reducing or oxidizing with respect to
Fe304.
Figure 88 shows the 1000 hr reducing and oxidizing samples after removal from the LBE
corrosion furnace. This figure also shows the LBE bath in which each sample was submerged.
The LBE bath from the oxidizing furnace has what appear to be small islands of black oxide
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floating on the surface. Additionally the /4" fitting at the top of the oxidizing furnace sample is
also covered in a black oxide layer. To better determine the oxygen potential in the oxidizing
furnace, samples of the black oxide from the LBE bath, the LBE material, and the black oxide
from the " fitting were sent to plasma science and fusion center for elemental analysis. Each
material was analyzed with x-ray fluorescence (XRF). The results of this analysis can be seen
below in Figures 89 and 90.
Oxidizing Condition Reducing Condition
Figure 88: The above figure shows the piping product sections and holders after exposure to
1000 hrs in LBE. Also shown above is the LBE bath in which each section was submerged.
Figure 89: XRF spectrum for the black oxide layer taken from the oxidizing furnaces' 1/4" fitting.
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Figure 89 shows that the oxide layer from the 1/4" fitting contains no Cu, Ni, or Zn; instead it
appears to be primarily composed of Fe. Thus the presence of an oxide on this fitting only
indicates that the oxidation potential in this furnace exceeded the potential for the formation of
iron oxide. Figure 90 shows that the black oxide on the surface of the LBE bath is composed of
primarily iron with secondary peaks for lead and bismuth. It appears that some of the iron oxide
from the 1/4" fitting fell into the bath during the 1000 hr oxidizing corrosion test. It is unknown at
this point how thick the oxide layer is on the surface of the LBE bath and how deep the XRF
beam penetrates into the material. The presence of the Pb and Bi peaks in the XRF scan
however indicates that there is a combination, Pb oxide, Bi oxide, and iron oxide on the surface
the oxidizing furnace LBE bath. In order for PbO or Bi2O3 to form the moisture level in the
oxidizing furnace would have had to exceed 1% or 1000000 ppmV.
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Figure 90: XRF spectrum for (Left) the black oxide on the surface of the oxidizing furnace's
LBE bath and (Right) the LBE material from the oxidizing furnace's LBE bath.
Finally, an initial analysis on the oxide layer thickness for 1000hr reducing and oxidizing
samples was performed in a Zeiss Metallographic Microscope (Figure 91). This analysis shows
that the oxide layer on the 1000hr oxidizing sample at 700C was much thicker than expected
(~88um), while the oxide on the reducing sample was in the right range (~lum). Short et al.
(2010) observed an oxide layer thickness of<lum after 506hrs at these temperatures and under
similar gas chemistry for both the reducing and oxidizing samples [1].
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Figure 91: (Top) Piping product exposed to LBE for 1000 hr at 700'C in an oxidizing
atmosphere. The side facing right is the Fel2Cr2Si layer. A thick oxide layer is observed on the
surface of the Fel2Cr2Si layer. (Bottom) Piping product exposed to LBE for 1000 hr at 722'C
in a reducing atmosphere. The average thickness of the oxide layer in the oxidizing sample is 88
um. This oxide layer for the oxidizing sample is much thicker than expected due to the large
moisture transient. Short et al. (2010) measured - 1 um of oxide in the Fel2Cr2Si material after
506hr at 715'C in LBE under an oxidizing environment [1] (50x).
The 1 000hr static corrosion test in a reducing environment has been completed successfully.
The average reducing sample temperature was 722'C and the average oxidizing sample
temperature was 700'C +/- 2'C for the duration of the corrosion experiment. Oxygen levels were
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kept extremely low during the corrosion experiment, with an average value of 107 ppB in the
reducing furnace and 74 ppB in the oxidizing furnace. The cover gas in the reducing furnace
was kept between the formation potential of Cr203 and FeO while the cover gas for the
oxidizing furnace was more oxidizing than the formation potential for Fe304 at 700C.
However, the test in an oxidizing environment was compromised by a water intrusion incident.
The cover gas in the oxidizing furnace experienced a large moisture transient when water was
accidentally injected into the furnace. A clear upper limit to the oxidizing nature of the oxidizing
cover gas during this transient has not yet been determine, however it likely that the cover gas
exceeded the formation potential for PbO and Bi20 3. Therefore the oxidizing samples are not
expected to give an accurate measure of the corrosion rate for the functionally graded composite
material, but show one what would happen if a large excess of water was injected into the LBE
coolant during a reactor accident / transient. The initial inspection of the 1 000hr corrosion
samples revealed that the oxide layer on the Fe12Cr2Si material from the oxidizing furnace was
88um thick, while the oxide layer on the Fel2Cr2Si material was from the reducing furnace was
~lum thick.
4.5.1.2 Analysis of the Oxidizing Sample with H20 Transient
At 632 hrs the oxidizing furnace experienced a lhr transient in moisture concentration when
water was accidentally injected into the furnace. During this time the large increase in moisture
concentration was accompanied by an oxygen potential in excess of that needed to form PbO and
Bi20 3. Therefore the oxidizing sample will not give an accurate measure of the corrosion rate
for the functionally graded composite material. The analysis of the oxidizing sample therefore
has been moved to appendix A so as not to detract from other valid experiments.
4.5.1.3 Analysis of the Reducing Sample
Figure 92 shows the microstructure of the piping material after exposure to LBE for 1000 hrs at
722'C under reducing conditions. The T91 and Fel2Cr2Si material both possess a thin oxide
layer. The microstructure of the T91 material does not appear to have changed during the 1000
hour corrosion test. In the Fel2Cr2Si material however one can see the formation of~5um
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precipitates within -150um of the Fe12Cr2Si/T91 interface (Figure 93). These precipitates are
found within the Fel2Cr2Si grains and at the grain boundaries. These precipitates will be further
analyzed later with EDX to determine what elements are present.
Figure 92: Microstructure for the composite piping material after 1000 hours of exposure to PBE
at 722'C in reducing conditions. (Top) T91 surface and (Bottom) Fel2Cr2Si surface (100x).
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Figure 93: (Top) Microstructure of Fel2Cr2Si layer before corrosion testing. (Bottom)
Microstructure of Fe12Cr2Si layer after 1000 hours of exposure to PBE at 722'C in reducing
conditions (200x).
Figure 94 shows the oxide layer thickness for the T91 and Fel2Cr2Si layers in the piping
material. The T91 layer had a very localized form of corrosion. Figure 94 shows that the
corrosive PBE has etched a 65 um deep pit into the surface of this material. On the side of the pit
one can still see some of the LBE. The rainbow haze at the edge of the pit is a remnant of the
0.05um colloidal alumina polishing solution. The Fel2Cr2Si had a significantly smaller oxide
layer thickness. Thirty measurements of the oxide layer thickness were made on 500x images of
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the Fel2Cr2Si layer. The average oxide layer thickness for the 1000 hr LBE corrosion test under
reducing conditions at 700C is: 2.46 um.
Figure 94: Oxide layer for the piping material after 1000 hours of exposure to PBE at 722*C in
reducing conditions. (Top) T91 surface and (Bottom) Fe12Cr2Si surface (200x).
Figures 95 and 96 present the reducing test condition and corrosion rates for the Fel2Cr2Si
material and the Fel2Cr2Si layer in the piping product. Figure 95 shows that the average
H2/H2 0 ratio was 2441 for corrosion testing of the Fel2Cr2Si layer in the piping product. Short
et al. (2010) used an average H2/H20 ratio of 778-901 for corrosion testing of the Fel2Cr2Si
material [1]. Figure 96 shows that the average linear extrapolated corrosion rate for the
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Fe12Cr2Si layer in the piping product is 22um/yr. The average linear extrapolated corrosion rate
for the Fe12Cr2Si material is 7um/yr as measured by Short. The corrosion rate of the piping
product in reducing conditions is ~3 times the corrosion rate measured for the Fel2Cr2Si
material. This higher corrosion rate may be due to the 2.7-3.1 times higher average H2/H20
cover gas ratio used to corrosion test the piping material in reducing conditions. Fuel cladding
and piping, with 80um and 800um thick Fel2Cr2Si, would last on average 3.6 yrs and 36.3 yrs
operation under the reducing conditions used in this experiment. It is expected that with more
information the average corrosion rate for this material will be significantly lower than the linear
extrapolated corrosion rate. Iron is known to have an oxide thickness which follows a parabolic
oxidation behavior, where the oxide layer thickness approaches an asymptotic value as a time
progress's [26]. The oxidation rate for this material is expected to be proportional to the square
root of time (sqrt(t)) and not simply proportional to time ( t).
H20
Environment Exposure Vapor H2/H20 H2/H20
Ratio(± 1-(
Time (hr) (ppmV) Ratio interval)
0 2.57±4.50 778 283 - oo
Reducing 70 2.23±1.58 896 525-3072
LBE at 245 2.40±2.72 833 390-oo
7150C 506 2.22+1.69 901 512-3738
Reducing
LBE at
7220C 1000 3.54+1.10 2441 588-10991
Figure 95: Gas composition for the LBE corrosion test at 700C in reducing conditions. The gas
composition values at 715C are for the Fe-12Cr-2Si and T91 materials [1]. The gas
composition values at 722C are for the composite (T91/Fel2Cr2Si) piping product.
Average Linear
Oxide Layer Extrapolated
Environment Measurement Method Thickness Corrosion Rate
Reducing LBE at 7150C
and Oxidizing LBE at
700C for 506 hrs [11] SEM 0.100 - 0.690 um [11] 7 um/yr
Reducing LBE at 722'C
for 1000 hrs Optical Microscopy 2.46 um 22 um/yr
Figure 96: Oxidation rates for the Fe-12Cr-2Si material (700C) compared to
layer in the piping product (722'C).
the Fe-12Cr-2Si
128
The 1000 hr corrosion specimens of the piping material were further analyzed with a JOEL JSM-
66102V Scanning Electron Microscope. The samples were analyzed with a combination of back
scatter electron microscopy (BSE), secondary electron microscopy (SEI), and energy dispersive
x-ray analysis (EDX). The results can be seen below in Figures 97-100.
Figure 97 shows the surface of the Fel2Cr2Si layer after 1000 hours of exposure to LBE at
722'C in reducing conditions. The average oxide layer thickness for this area is ~5um as
measured by SEM.
Figure 97: Surface of the Fel2Cr2Si layer after 1000 hours of exposure to LBE at 722'C in
reducing conditions (500x SEI 20kV beam). The surface is oriented upward and has an oxide
layer thickness of~5um.
Figure 98 shows surface of the T91 layer after 1000 hours of exposure to LBE at 722'C in
reducing conditions. The T91 surface has a 38. lum deep pit. Cracks extend from this pit into
the T91 matrix. It is thought that the pit may act as a stress concentration site. There are likely
residual stresses in the T91 material from the extrusion / drawing process. When the material is
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removed by the LBE the strain energy must be redistributed around the pit as cracks in the T91
matrix.
Figure 98: Surface of the T91 layer after 1000 hours of exposure to LBE at 722C in reducing
conditions (500x SEI 20kV beam). The surface is oriented downward and has a pit depth of
38.3um.
Figure 99 shows the interface between the Fel2Cr2Si and T91 materials after 1000 hours of
exposure to LBE at 722'C in reducing conditions. Figure 93 showed 5um white precipitates
were present in the Fel2Cr2Si material within ~150um of the Fel2Cr2Si / T91 interface. These
white precipitates were primarily found at grain boundaries and triple points but were also
present in the bulk of the grains. The back scatter electron image in Figure 99 again shows these
5um precipitates in the Fel2Cr2Si at the Fel2Cr2Si / T91 interface. The precipitates are very
difficult to distinguish from the matrix. This indicates that the Z number of each precipitate is
very close to the Fel2Cr2Si bulk material. In Figure 100 one can see an EDX scan for one of
these precipitates. The precipitates appear to have a high chromium concentration. The
precipitates are therefore likely be chromium carbide. The chromium carbide could form from
inter-diffusion of carbon atoms from the T91 (0.105%C) and the Fel2Cr2Si material (0.007%C).
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Given the high chromium concentration and the similarity in coloration to the base matrix, the
precipitates are therefore identified as chromium carbide.
BEC 20kV WD7mm SS60 x150 100pm '"""""
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Figure 99: Interface between the Fel2Cr2Si and T91 materials after 1000 hours of exposure to
LBE at 722C in reducing conditions (150x BSE 20kV beam).
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Figure 100: Back scatter electron image and EDX scan for the precipitates at the Fel2Cr2Si /
T91 interface. The red circle indicates one of the precipitates. This image was taken in the
piping material after 1000 hours of exposure to LBE at 7220 C in reducing conditions (150x BSE
20kV beam).
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In this section it was found that after 1000 hrs in LBE at 722 C in reducing conditions the T91
and Fe12Cr2Si layers in the piping product were both covered in a very thin oxide layer. The
T91 layer had a very localized form of corrosion. The T91 layer had a 65um deep pit on its
surface where corrosion occurred. The Fel2Cr2Si exhibited a very uniform corrosion. Its entire
surface was covered in an oxide layer with an average thickness of 2.46um. Using a linear
extrapolation of the corrosion rate shows that the Fel2Cr2Si material will oxidize at a rate of
22um/yr. This is a very conservative corrosion rate for this material, based on one data point.
The oxidation rate for this material is expected to be proportional to the square root of time
(sqrt(t)) and not simply proportional to time ( t ). Fuel cladding and piping material with 80um
and 800um thick Fel2Cr2Si layer using this conservative corrosion rate, would last on average
3.6 yrs and 36.3 yrs operation. Lastly the 5um precipitates in the Fel2Cr2Si layer showed a high
chromium concentration and have a composition very similar to the surround material. These
precipitates are located within 150um of the Fel2Cr2Si / T91 interface, and are thought to be
chromium carbide.
4.5.2 Samples for the LANL DELTA Loop
A total of 12 samples were successfully fabricated with the following dimensions: 35 mm x 8
mm x 1 mm, tolerance ±0.1 mm (Figure 101). These samples were cut from the inner diameter
of the #5 piping product using wire EDM. These samples were cut in 4 channels on the inner
surface of the #5 piping as seen on the lower left below. From the end on view of the #5 pipe
one can see that only one of the channels however was cut flush to the surface as specified in the
CAD drawing. On the other three channels there was a ~100-300 um offset to the depth at which
the coupons were cut (3 samples per channel x 4 channels). This pipe section is known to have
an 850 um average clad layer thickness. To confirm that all of the corrosion coupons contain
both the cladding material (Fe-12Cr-2Si) and base T91 material the side of each sample was
analyzed with optical microscopy. The results are shown in Figure 102 below.
132
Figure 101: Shows the 35 mm x 8 mm x 1 mm +/- 0.1 mm corrosion coupons for the LANL
Delta loop.
Each sample was observed from the side in a Zeiss Metallograph Microscope to confirm the
presence of the Fel2Cr2Si layer. All corrosion samples, except for #11 and #12, were confirmed
to possess the Fel2Cr2Si layer. Unfortunately, none of the corrosion samples were provided
with labels as received from the PSFC machine shop. Thus the #1 -12 labels were assigned
arbitrarily to the corrosion samples. The only three samples which could be properly identified
were the #1, #2, and #3 samples. The #1-3 samples were cut from the only channel that was
flush to the inner surface of the #5 pipe. In the center of each of these 3 samples thus there was a
-20um tall raised surface where the material had a different finish than that cut by wire EDM.
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Figure 102: Side a view of sample 1 showing the ~ 400um Fel2Cr2Si layer.
Following the inspection of each sample, both sides of the corrosion coupons (T91 and
Fel2Cr2Si) were polished to a 1200 grit surface finish. The polishing was completed on a
Buehler EcoMet 3000 Variable Speed Grinder-Polisher. The polishing sequences was as
follows: 40minutes on a 70um diamond planning disc, followed by 8mins on 320, 600, 800, and
then 1200 grit SiC. A 12 lb force was used and the wheel speed was 120 rpm. Following
polishing the samples were swabbed with acetone to remove any remaining organic compounds
on the surface. The Fe12Cr2Si side of each sample was labeled with a black sharpie marker.
Finally, 10 samples were shipped to the Los Alamos National Laboratory for incorporation in
the DELTA loop on Monday March 18th 20 13 . The samples will undergo exposure for up to
3000hrs in flowing LBE at 500'C with an oxygen concentration of 10-6-10~8 wt% and a LBE
velocity of up to 8 m/s. Figure 103 below shows the finished corrosion coupons following
polishing.
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Figure 103: Shows the 35 mm x 8 mm x 1 mm +/- 0.1 mm corrosion coupons polished and ready
for the LANL Delta loop. (Left) Samples 11 and 12 after polishing. (Right) All of the polished
corrosion coupons.
4.5.3 Evaluation of the Corrosion Design Criteria
The corrosion property evaluation found that the heat treated piping product partially fulfilled 1
of the 2 design criteria. These criteria require that the corrosion rate of the Fel2Cr2Si material in
the heat treated piping product at 700C in oxidizing and reducing conditions be low enough to
enable a 3 year fuel clad operational lifetime and a 60 year piping product operational lifetime.
These criteria also require that few microstructural changes occur in the piping product as a
result of prolonged exposure to 700C operating temperatures.
It was found that the conservative linear extrapolated corrosion rate for the piping product at
700'C in reducing conditions is 22um/yr. The current design specifies a Fel2Cr2Si layer
thickness of 80um (3mil) on a 800um (30mil) thick fuel cladding and a 800um (30mil) thick
Fel2Cr2Si layer on a 6350um thick (0.25") piping product [1]. The time for loss of the
Fel2Cr2Si layer to corrosion in the fuel cladding and piping materials is 3.6 and 36 years
respectively. Thus while one fuel cladding meets the 3 year life time the piping material does
not meet the 60 year life time. It is known however that iron oxidation follows a parabolic
behavior, where the oxide layer thickness approaches an asymptotic value as a time progress's
[26]. The actual oxidation rate for this material is expected to be much lower, given that the
growth rate of the oxide is proportional to the square root of time (sqrt(t)) and not simply
proportional to time ( t ) [26]. The corrosion rate of the heat treated piping product at 700C
under oxidizing conditions could not be characterized. During corrosion testing, water was
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accidentally injected into the oxidizing furnace which rapidly oxidized the surface of the heat
treated piping product. More long term static and flowing LBE corrosion tests are needed to
fully quantify the corrosion rate of the heat treated piping product. The piping product did not
meet the final design criteria after 1000hrs in LBE at 700C and reducing conditions. It was
found that after corrosion testing, 5um white precipitates were present in the Fel2Cr2Si material
within -150um of the Fel2Cr2Si / T91 interface. These precipitates were found to have a high
chromium concentration when analyzed with EDX and had a similar coloration to the base
matrix in back scatter electron mode. The precipitates were therefore identified as chromium
carbide. While it is thought that these precipitates as is do not pose a danger to the integrity of
the Fe12Cr2Si layer, the presence of the precipitates shows that the Fe12Cr2Si layer may not be
diffusionally stable in this temperature range. Longer term corrosion tests should show if these
precipitates continue to grow or reach a state of equilibrium.
Chapter 5 - Discussion
5.1 Microstructural Characterization of the as-received Piping Product
A detailed microstructural analysis was conducted on the as-received piping product.
It was found that the primary structural layer (T91) of the as-received piping product had an
average hardness value of 443 HV and a martensitic grain structure. The ASTM-A213-1 1A
specifies that the T91 should have a hardness within 196-265HV. Thus it appears that the piping
material after drawing, requires a series of heat treatments to bring its mechanical properties to
within ASTM standards.
The chemical analysis has shown that the Fe-12Cr-2Si wire and Fe-12Cr-2Si ingot have
chromium and silicon concentrations within the designed limits (12.2 and 12. lwt% Cr, 2.12 and
2.11 wt% Si). The upper limit to chromium concentration is dictated by the solubility for
chromium in iron at temperatures below the spinodal decomposition temperature (475 C).
Twelve weight % Cr is at the edge of this solubility limit [20]. Above the chromium solubility
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limit one risks forming brittle alpha phase during irradiation. The silicon concentration should
be within the range of 1 - 2.5 wt%. Below I wt% silicon the mass loss is barely reduced, above
2.5 wt% silicon steel is more susceptible to radiation embrittlement [7]. Additionally, the T91
ingot has the correct composition according to ASTM standard A213. Thus one can expect the
piping product, which is made from these two materials, will also have the correct composition.
The integrity of the Fel2Cr2Si layer in the piping product was analyzed with optical microscopy,
Vickers indentation, dye-penetrant inspection, and borescope analysis. It was found that all five
ID -clad pipes had a fully adhered protective Fel2Cr2Si coating. Cracks however were
observed on the inner surface of all five ID-clad pipes in the Fel2Cr2Si material. These cracks
run parallel to the length of the each pipe and extend through the Fel2Cr2Si layer into the base
T91 material. The borescope based visual inspection has shown that all of the ID-clad pipes
have extended cracking in the Fel2Cr2Si layer running the entire length of each pipe.
The cracks in the Fel2Cr2Si material would circumvent its protective abilities. The piping
material was drawn from 9.53cm (3.75in) outer diameter TREX tubes. Short et al. (2010) did
not observe cracks in the TREX tubes before drawing [1]. Therefore it is thought that the cracks
were induced in the drawing process.
Before this tubing can be produced on an industrial scale, the conditions for drawing down the
tubing dimensions from TREX tubing to schedule 80 dimensions must be modified to reduce
cracking of the ID cladding layer (Fe l2Cr2Si).
In tube drawing the cross section of a tube is reduced by pulling it through a die. This process is
much like extrusion except that the forces are tensile instead of compressive. As the tube moves
through the die it is reduced in cross section, it elongates, and becomes harder through strain
hardening. Often the reduction area is limited to between 20 and 50% to prevent cracking.
Higher values of reduced cross section require a higher pulling force which can exceed the
tensile strength of the material. The tube is drawn through progressively smaller dies until the
desired dimensions are reached. Often an internal mandrel is placed in the tube to control the
inside diameter. Intermediate anneals may be needed to restore the ductility of the material [37].
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Figure 104: Illustration of the tube drawing process which shows all the primary components of
the system [38].
To reduce the possibility of the Fel2Cr2Si layer cracking during drawing one must reduce the
stresses in the piping product must be reduced during drawing. One can do this by incorporating
more annealing steps in between dies. Additionally more dies can be used in the drawing
process to reduce the change in pipe diameter in each draw (Figure 104).
If the issue with cracking can be resolved, the life time of the piping material will be determined
by the minimum cladding layer thickness. Cross-sectional inspection of the #4 pipe found that
the average Fel2Cr2Si cladding layer thickness is 428um and the minimum value is 9lum.
Using Short et al. (2013) corrosion rate of 7um/yr for the Fel2Cr2Si material, this would predict
a lifetime of 13 years for purely corrosion base degradation in static LBE (Figure 96).
5.2 Heat Treatment of the Piping Product
A series of heat treatments were performed on the as-received piping product in order to
optimize the microstructure and mechanical properties of the T91 and Fel2Cr2Si layers. A
optimized heat treatment profile was selected based on the microstructure and hardness of the
T91 layer. This optimized treatment is: 1) 20min normalization at 1080C 2) air quench 3) 50min
tempering at 780C 4) air quench. This heat treatment was applied to a 30.48cm (12") section of
the #5 piping product. After heat treatment, the average hardness value for the 30.48cm (12")
section was 254 HV with a standard deviation of 9.93HV in the T91 layer. This hardness value
is at the upper limit of ASTM standards (196-265 HV), thus it is expected that the material will
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have good mechanical properties (creep and strength). After heat treatment, the T91 layer in the
piping product has a fine grained tempered martensite grain microstructure. The tempered
martensite grain structure is known to be resistant to radiation damage [16]. The heat treated
T91 material also has a fine distribution of carbides. It is believed that these carbides will
improve the creep strength through either the Orowan mechanism or Zenner pinning of the grain
boundaries [33].
No changes were observed in the microstructure, bonding, or integrity of the Fel2Cr2Si layer
after heat treatment. Thus it has been shown that this heat treatment will produce composite
piping material that is easy to machine, has good mechanical properties, has the desired
microstructure, and still retains its corrosion resistant properties.
5.3 Creep and Tensile Properties of the Heat Treated Piping Product
Tensile tests were performed on the piping product material at 25'C and 700'C. A creep test
was performed on the piping product material at 650'C. Lastly a series of tensile tests were
performed on the Fel2Cr2Si weld wire at 25'C.
It has been shown that the yield strength, ultimate strength, and % elongation at failure for the
piping product all exceed the ASTM-A335 minimum requirements for T91. It has also been
shown that the optimized heat treatment can give the piping material reproducible mechanical
properties. When the piping product is operating at 700C the ultimate strength of this material
is only 25% of its value at 25'C. This reduction in ultimate strength at 700'C is the fundamental
problem of using a ferritic / martensitic structural layer at these high temperatures. ODS steels
have been shown to have much better high temperature ultimate strengths than ferritic /
martensitic steels (Figure 105). Future versions of this composite material should consider using
a ODS alloy as the structural layer.
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Figure 105: Demonstrates the difference in ultimate stress between a 9Cr-ODS steel and a
ferritic/martensitic alloy as a function of temperature [39].
The choice of T91 as a structural layer in the composite was originally based on material
availability. The purpose of the development effort was to take corrosion off the table as an
issue so that future versions of the composite might use a higher strength alloy. As long as the
replacement alloy is also a ferritic based material, the weld overlay process will be compatible.
It has also been shown that for a fractured pipe one will see no dis-bonding between the
Fel2Cr2Si layer and the T91 layer past 5mm from the point of fracture. Additionally outside of
1cm from the point of fracture the Fe12Cr2Si layer will still be protecting.
It has been shown that the yield strength and ultimate tensile strength of the T91I/Fe1I2Cr2S i
piping material were both within one standard deviation of the average values for T91 at 25TC.
At 700'C the yield strength and ultimate tensile strength of the T91/Fel2Cr2Si piping material
were at the lower end of the T91 property distributions. This slight reduction in the mechanical
properties is likely due to the relatively thick (8.4%) FelI2Cr2Si layer which is present on the
piping material. At 25'C the average % elongation of the piping material was within one
standard deviation of T91, while at 700'C the % elongation of the piping material was 7-13%
less than the average value for T9 1. The reduced elongation during failure of the piping material
indicates that the heat treated material is harder than expected. With another ~10Omin of
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tempering this % elongation will to move closer to the average values for T91 at 700C. Overall
the tensile testing of the ID clad pipe #4 shows that the optimized heat treatment was successful
and that one can expect the piping product to have similar mechanical behavior to that of T91.
At 650 C and 100 MPa it was predicted that creep behavior would result in failure in
approximately 1000 hrs until failure. The creep failure occurred after 185hrs at 650'C and 100
MPa. After creep testing the rupture life time for the piping product is within the normal
distribution for T9 1. The rupture lifetime for the piping product also exceeds the minimum
grade 91 lifetime. During creep testing at 650'C however there was a significant drop in the
average hardness value of the T91 material (280 -> 196 HV). This drop has been correlated with
partial thermal decomposition of the martensite phase. Therefore after prolonged exposure to
650'C operating conditions the heat treated piping product is expected to have some reduction in
its baseline mechanical properties.
Lastly, it was found that the Fel2Cr2Si weld wire has an average ultimate tensile strength at
25'C of 800 MPa which is slightly higher than the average ultimate tensile strength for T91 (720
MPa at room temperature [15]). The high ultimate strength of the weld wire can be explained by
its small (~10um) grain size and highly cold worked structure.
The fact that the T91 and Fel2Cr2Si have similar mechanical properties gives us hope that with
sufficient annealing steps between drawing or pilgering steps one may reduce the composite
tubing to fuel cladding dimensions without inducing defects in either material. The fact that the
ultimate strength of the Fel2Cr2Si material is higher at 25'C than T91 also opens the possibility
of creating a piping or fuel cladding entirely out of this material which could function in a
nuclear reactor. Future tensile tests should be conducted on this material at 700'C and at room
temperature with larger test sections to evaluate its mechanical performance.
5.4 Diffusion Properties of the Heat Treated Piping Product
The long-term thermal stability of the T91 / Fe-12Cr-2Si bond was determined for the piping
product. This was done by using line EDX scans of the Fel2Cr2Si / T91 interface to determine
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the concentration profile in differing diffusion samples. It was found that the diffusion profile
for the zero hour diffusion sample was not a discontinuous function at the interface, indicating
that there is some inter-diffusion between the two layers during heat treatment / processing. In
order for the Fel2Cr2Si layer to remain self-protecting the silicon concentration at the exposed
surface of the sample must remain above 1.25 wt% [7]. In order for the Fel2Cr2Si layer to
remain self-protecting the chromium concentration at the exposed surface of the sample should
remain above 10.56 wt% [1]. By extrapolating the diffusion depth with time, it was found that
over the lifetime of the fuel cladding and coolant piping material one does not expect diffusion
further than 35 um into the Fel2Cr2Si layer. No such extrapolation could be made for the Si
diffusion in the Fel2Cr2Si layer.
Lastly it has been shown that there are two diffusion zones in the Fel2Cr2Si layer, a higher
diffusivity zone further into the material and a slower diffusivity zone next to the Fe12Cr2Si
interface. The chromium tends to build up at the Fel2Cr2Si / T91 interface in the Fel2Cr2Si
material. The 1000hr corrosion study at 700C in Section 4.5.1.2 has shown precipitates in this
region within 150um of the interface. This distance is almost equivalent to the 1 00um chromium
enrichment zone shown in the 1 000hr diffusion sample at 700 C. One can therefore make a
correlation between the chromium buildup and these microstructural changes.
5.5 Corrosion Properties of the Heat Treated Piping Product
The 1000 hr static corrosion test was conducted on the piping product at 700 C. Both reducing
and oxidizing conditions were tested. The corrosion specimens were then analyzed with optical
microscopy, SEM, and EDX to determine the nature of the oxide formed under these conditions.
Additionally corrosion specimens were prepared from the heat treated piping material for
flowing LBE corrosion tests in the LANL DELTA loop.
The 1000hr static corrosion test was completed successfully. The average reducing sample
temperature was 722'C and the average oxidizing sample temperature was 700'C +/- 2C for the
duration of the corrosion experiment. Oxygen levels were kept extremely low during the
corrosion experiment, with an average value of 107 ppB in the reducing furnace and 74 ppB in
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the oxidizing furnace. The cover gas in the reducing furnace was kept between the formation
potential of Cr 2O3 and FeO while the cover gas for the oxidizing furnace was more oxidizing the
formation potential for Fe304 at 700'C.
The cover gas in the oxidizing furnace however experienced a large moisture transient when
water was accidentally injected into the furnace. A clear upper limit to the oxidizing nature of
the oxidizing cover gas during this transient could not be determine, however it likely that the
cover gas exceeded the formation oxidation potential for PbO and Bi20 3. Therefore the
oxidizing sample is not expected to give an accurate measure of the corrosion rate for the
functionally graded composite material, but shows one what would happen if a large excess of
water was injected into the LBE coolant during a reactor accident.
It was found that after 1000 hrs in LBE at 722C in reducing conditions the T91 and Fel2Cr2Si
layers in the piping product were covered in a very thin oxide layer. The T91 layer had a very
localized form of corrosion. The T91 layer contained a 65um deep pit on its surface where
corrosion occurred. The Fe12Cr2Si exhibited a very uniform corrosion. Its entire surface was
covered in a thin oxide layer with an average thickness of 2.46um. Using a linear extrapolation
of the corrosion rate shows that the Fe12Cr2Si material will oxidize at a rate of 22um/yr. Fuel
cladding and piping material with 80um and 800um thick Fe12Cr2Si, would last on average 3.6
yrs and 36.3 yrs operation. Lastly the 5um precipitates in the Fel2Cr2Si layer showed a high
chromium concentration and have a composition very similar to the surround material. These
precipitates are only located within 150um of the Fel2Cr2Si / T91 interface, and are thought to
be chromium carbide. While chromium carbide may be detrimental to the mechanical
performance of structural materials, the Fe 1 2Cr2Si layer does not have a mechanical purpose.
As long as the average chromium concentration at the surface of the material stays above
10.5wt% the protective barrier should remain protective.
Corrosion specimens have been fabricated for testing in the LANL DELTA loop from the inner
diameter of the #5 piping product. Ten specimens have been sent to LANL, all of which have
been confirmed to possess the Fel2Cr2Si layer. These samples will undergo exposure for up to
3000hrs in flowing LBE at 500*C with an oxygen concentration of 10-6-10~8 wt% and a LBE
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velocity of up to ~8 m/s. A special insert was made for the loop that raises the velocity from 2
m/s to 3.5-8 m/s. By increasing the coolant velocity for a given reactor design one can get
dramatic increases in the baseline power output for the plant. Figure 106 below shows power
contours for a given coolant velocity and pitch / diameter ratio. At a fixed P/D ratio of 1.16 one
would expect the thermal baseline power to increase from 2400-4000 MWTh for an increase of
2m/s to 3.5 m/s in the coolant velocity. Thus if the flowing corrosion study is successful we
expect to see a large improvement in lead cooled reactors baseline power output.
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Figure 106: Shows the power, P/D ratio, and power contours for a lead cooled fast reactor design
Nikiforova et al. [40]. The baseline point of design of 2400 MWTh is shown compared the new
design's power contours.
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Chapter 6 - Conclusions and Future Work
6.1 Key Results and Contributions
Piping Product Microstructure and Processing
This research has shown that the primary structural layer (T91) of the as-received composite
piping product had an average hardness value of 443 HV and a martensitic grain structure. It
was found that all five ID -clad pipes had a fully adhered protective Fel2Cr2Si coating. Cracks
however were observed on the inner surface of all five ID-clad pipes in the Fe12Cr2Si material.
These cracks present a critical issue for the Fel2Cr2Si material because they circumvent its
protective abilities. The source of these cracks has been traced to the tube drawing process. It is
recommended that when drawing the TREX tubing to schedule 80 dimensions or fuel cladding
material, that intermediate annealing stages are incorporated between dies and the number of
reduction steps increased to reduce residual stresses and cracking of the Fe12Cr2Si layer.
Piping Product Heat Treatment
An optimized heat treatment profile was developed for the composite piping material. This heat
treatment profile consists of: 1) 20min normalization at 1080C 2) air quench 3) 50min tempering
at 780C 4) air quench. This heat treatment is capable of producing 30.48cm (12") sections of
piping material with an average hardness value at the upper limits of ASTM standards and a
radiation tolerant tempered martensite T91 layer. No changes were observed in the
microstructure, bonding, or integrity of the Fel2Cr2Si layer after heat treatment. Thus it has
been shown that this heat treatment will produce composite piping material that is easy to
machine, has good mechanical properties, has the desired microstructure and still retains its
corrosion resistant properties.
Piping Product Tensile / Creep Properties
The optimized heat treatment was applied to 30.48cm (12") sections of the composite piping
material. Tensile tests were then performed on the piping product material at 25'C and 700'C.
It was found that the yield strength, ultimate strength, and % elongation at failure for the piping
product all exceed the ASTM-A335 minimum requirements for T91. It has been shown however
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that the composite piping material has a significant decrease in its mechanical properties at
700'C. The ultimate strength measured at 25'C is reduced to 25% of its value at 700'C (654
MPa -- 156 MPa). Using an ODS alloy in place of the T91 material will solve this issue with the
material's high temperature strength.
A 185hr creep test was performed on the piping product material at 650C and 100 MPa. It was
found that there was a significant drop in the average hardness value of the T91 layer after
testing (280 -+ 196 HV). After this hardness decrease the rupture lifetime for the piping product
exceeded the minimum grade 91 life time. It is expected that after prolonged exposure to 650C
operating conditions the heat treated piping product will have some reduction in its baseline
mechanical properties. Thus there is a need to improve the creep performance of this alloy either
by replacing the T91 with an ODS alloy or by lowering the operating temperature.
In all of the mechanical tests, no disbonding was seen between the Fe12Cr2Si layer and the T91
layer past 5mm from the point of fracture. Overall the mechanical testing of the composite piping
product has shown that the optimized heat treatment was successful and that one can expect the
piping product to have similar mechanical behavior to that of T9 1.
A series of basic tensile tests were also performed on the Fel2Cr2Si weld wire. It was found
that the Fel2Cr2Si weld wire has an average ultimate tensile strength at 25C of 800 MPa which
is 8OMPa higher than the average ultimate tensile strength for T91 (720 MPa at room
temperature [15]). This opens the possibility of creating piping or fuel cladding entirely out of
the Fe12Cr2Si material which could function in a nuclear reactor. Future tensile tests should be
conducted on larger sections of this material at 25'C and at 700C to evaluate its mechanical
performance.
Piping Product Diffusion Properties
The long-term thermal stability of the T91 / Fe-12Cr-2Si bond was determined for the piping
product. This was done by using line EDX scans of the Fel2Cr2Si / T91 interface to determine
the concentration profile in differing diffusion samples. In order for the Fel2Cr2Si layer to
remain self protecting the chromium concentration at the exposed surface of the sample must
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remain above 10.56 wt% [1]. It was found that over the lifetime of the fuel cladding and coolant
piping material one does not expect the deletion zone to propagate farther than 35 um into the
Fel2Cr2Si layer. No such measurement could be made for the Si diffusion in the Fe12Cr2Si
layer.
Lastly it has been shown that chromium tends to build up at the Fel2Cr2Si / T91 interface in the
Fe12Cr2Si material. There is a direct correlation between this area of chromium enrichment and
the region of chromium carbide precipitation shown for the 1000 hr corrosion samples.
Piping Product Corrosion Properties
A 1000hr corrosion test in static LBE was performed on the composite piping product at 700'C
in both reducing and oxidizing conditions. The average reducing sample temperature was 722'C
and the average oxidizing sample temperature was 700'C +/- 2C for the duration of the
corrosion experiment. The oxygen levels was kept extremely low (~100 ppb) and the oxidation
potential controlled by balancing the hydrogen / moisture ratio in each furnace.
The cover gas in the oxidizing furnace experienced a large moisture transient when water was
accidentally injected into the furnace. The results of the oxide layer analysis for this sample do
not give an accurate measure of the corrosion rate for the functionally graded composite
material, but show what would happen if a large excess of water was injected into the LBE
coolant during a reactor accident.
In reducing conditions the T91 and Fel2Cr2Si layers in the piping product showed only a very
thin oxide layer after 1 000hrs at 722'C. The cover gas for this furnace was maintained between
the oxidation potential for Cr203 and FeO formation for the duration of the test. It was found
that T91 material contained deep 65um pits while the Fel2Cr2Si protective layer had a 2.46um
thick oxide. Using a conservative linear extrapolation of the corrosion rate shows that the
Fe12Cr2Si material will oxidize at a rate of 22um/yr. Fuel cladding and piping material with
80um and 800um thick Fel2Cr2Si, would last on average 3.6 yrs and 36.3 yrs operation. With
additional data it is expected that the corrosion rate will be much lower than this value as
corrosion in stainless steels usually scales with the square root of time [26]. Lastly the 5um
precipitates in the Fel2Cr2Si layer showed a high chromium concentration and have a
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composition very similar to the surround material. These precipitates are only located within
150um of the Fel2Cr2Si / T91 interface in a region of high chromium enrichment, and are
therefore thought to be chromium carbide.
Piping Product Flowing Corrosion Tests
Lastly corrosion specimens have been fabricated for testing in the LANL DELTA loop from the
inner diameter of the #5 piping product. These specimens will test the corrosion effect of
flowing LBE at 500'C on the composite piping material. The flowing corrosion test increases
the typical velocity of LBE from 2m/s - 3.5 m/s. Should the material perform adequately at
these flow velocities it would mean that the design window for a fast reactor using this material
would be enlarged significantly. At a fixed fuel Pitch/Diameter ratio of 1.16 one would expect
the thermal baseline power to increase from ~ 2400-4000 MWTh for this coolant velocity [28].
Thus if the flowing corrosion study is successful we expect to see a large improvement in lead
and lead/bismuth cooled reactors baseline power output.
Fuel Cladding
Although composite fuel cladding was not available at the time of this study, all of the results
from the ID-clad piping material characterization are directly applicable to the OD-Clad material
(fuel cladding).
6.2 Evaluation of the Path to Establishment of Technology Readiness
Level 7 (TR-7)
A technology readiness assessment (TRA) analysis is a systematic, metrics-based, process that
assesses the maturity of, and risk associated with, critical technologies. The process was
originally developed to be used in major defense acquisition programs. The TRA produces a
technology readiness level (TRL) which can serve as a helpful knowledge -based standard and
shorthand for evaluating technological maturity. Most department of defense (DOD) programs
require a TRA before implementing a new technology. The TRL levels run from TRLl: Basic
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principles observed and reported to TRL9: Actual system "mission proven" through successful
mission operations. The TRL levels and definitions are listed below in Figure 107.
Technology Readiness Levels
TRL 1 Basic principles observed and reported.
TRL 2 Technology concept and/or application formulated.
TRL 3 Analytical and experimental critical function and/or characteristic proof-of concept.
TRL 4 Component/subsystem validation in laboratory environment.
TRL 5 System/subsystem/component validation in relevant environment.
System/subsystem model or prototyping demonstration in a relevant end-to-end
TRL 6 environment (ground or space).
TRL 7 System prototyping demonstration in an operational environment (ground or space).
Actual system completed and "mission qualified" through test and demonstration in an
TRL 8 operational environment (ground or space).
Actual system "mission proven" through successful mission operations (ground or
TRL 9 space).
Figure 107: Basic definitions of the nine technology readiness levels.
In this section we present a technological readiness assessment on the metallic composite
material. This report is intended to stand independently of the other components of this thesis,
and may include previously mentioned material / results. This report is intended to give a
comprehensive assessment of the metallic composite material, and therefore work may be
presented which is not original to this thesis. In cases where work from other authors is used, the
author will be sited.
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Technology Readiness Assessment (TRA) of a Functionally Graded Composite for use as
Fuel Cladding and Piping in Lead or Lead-Bismuth Cooled Nuclear Reactors
1.0 Purpose of this Document
This document presents a TRA for the Functionally Graded Composite Program for the DOE's
Gen. IV Pb or LBE Cooled Nuclear Reactor. This TRA was performed by Mr. Elliott Fray under
the direction of Dr. Ronald Ballinger in MIT's H. H. Uhlig Corrosion Laboratory. This work
was sponsored by the Los Alamos National Laboratory (LANL) work package: AR-
12LA040313. The milestones addressed under this work package are: M3AR-13LA0403061,
M3 AR- 13LA0403 062, and M3AR- 13LA0403 063.
2.0 Executive Summary
A technology readiness assessment was performed on two materials technologies: a Fe12Cr2Si
corrosion resistant alloy and a functionally graded metallic composite. These technologies are
being developed to solve the issue of corrosion in the DOE's Pb-Bi eutectic cooled nuclear
reactor. The technologies are being evaluated for the following key attributes: (1) corrosion
resistance of the Fe12Cr2Si material in Pb-Bi eutectic (LBE), (2) bonding between the
Fe12Cr2Si to an underlying structural material, in this case Grade 91 steel although any ferritic
material could be substituted, (3) weldability of the composite system, and (4) manufacturability
of the FGC.
Laboratory testing has shown that both the Fel2Cr2Si alloy and the composite show very low
conservative corrosion rates (7-22um/yr) in LBE at temperatures up to 700'C in prototypic
reactor environments. The composite was shown to have a very slow rate of inter-layer diffusion
(35um over the reactor lifetime) and mechanical properties exceeding the ASTM standards for
Grade 91 steel. The readiness level of each technology was assessed at TRL 4. In order to bring
these technologies to TRL 5 the corrosion properties will have to be demonstrated in a relevant
environment to include the effect of flow velocity. The corrosion properties of each technology
will need to be reassessed through flow assisted corrosion studies. The high temperature
strength of the composite needs to be improved by coupling the Fel 2Cr2Si layer with a stronger
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ODS alloy in order to be operable at 700'C as a structural system. However, operation at 600*C
is well within the ASME Section II limits for Grade 91 steel and the corrosion properties would
be superior. Further development of the corrosion resistant layer could include: (1) an increase
in the chromium level and (2) the addition of small amounts of carbon to better match strength
levels between the corrosion resistant and structural layers. However, as currently developed
this material is expected to perform adequately for its intended purpose. In order to reach TRL-5
(System/subsystem/component validation in relevant environment.) The FGC will need to be
tested in prototypic flow velocity environments. These tests are currently being performed at the
Los Alamos national Laboratory. In addition, initial radiation damage performance will need to
be evaluated. In order to reach TRL-6 (System/subsystem model or prototyping demonstration
in a relevant end-to-end environment (ground or space) the FGC will have to be used, including
welding and cladding of complex shapes, in a prototype loop at prototypic flow velocities and
temperature. In addition, full design dose irradiation performance will be needed. In order to
reach TRL-7 (System prototyping demonstration in an operational environment (ground or
space)) the manufacturing process will need to be optimized and commercial quantities of the
material produced. Radiation performance of the complete article will be required. The tube
drawing conditions for the composite material must be adjusted to optimize the properties
(thickness, defect free) of the protective barrier. With the fulfillment of the recommended risk
mitigation measures these technologies promise to extend the lifetime, economic viability, and
baseline power generation of the DOE's LBE Cooled Nuclear Reactor.
3.0 Program Overview
3.1 Program Objective
The objective of this program is to develop an enabling technology for a Pb (or LBE) liquid
metal cooled advanced reactor system: the DOE's Gen IV liquid lead (Pb) or lead-bismuth
(LBE) cooled reactor. The primary factor limiting the technological and economic viability of
this reactor to date has been the corrosive nature of the LBE coolant. Corrosion is expected to be
especially severe in areas of high velocity, elevated temperature, and low oxygen potential. The
corrosive nature of LBE has placed an upper limit of 550'C on the current operating temperature
of LBE cooled reactor systems and a flow velocity is ~1 m/sec [5] [6]. In order to increase the
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effective operating temperature of the LBE cooled reactor: (1) to provide process heat for
hydrogen cogeneration, (2) to increase the baseline power generation due to higher allowable
coolant velocity and temperature, and, (3) to extend reactor lifetime, this program is developing a
corrosion resistant alloy that can operate at temperatures up to 700'C and allow for flow
velocities of up to 4 m/sec.
3.2 Program Description
The following is the program approach to solving the issue of LBE corrosion:
1) Development and optimization of an iron/chromium/silicon alloy to resist LBE corrosion.
2) Evaluation of the corrosion resistant properties of this newly developed alloy in its
relevant operating environment.
3) Fabrication of the alloy into fuel cladding and piping using industrial facilities and
common commercial practices.
4) Evaluation of the mechanical, corrosion, and microstructural properties of the fuel
cladding and piping material.
5) Proving the long term corrosion performance of this alloy in flowing LBE.
6) Assessment of the technological readiness level of this alloy system and evaluation of the
conditions necessary for incorporating this new alloy into LBE cooled nuclear reactors.
The program took an evolutionary approach to developing the corrosion resistant alloy. This
work started with the development of a corrosion resistant alloy in 2006 by Y. J. Lim and has
continued to testing of the functionally graded composite piping material by E. Fray in 2013
[10] [41]. The capabilities that this alloy provides to Pb or LBE cooled reactors are increased
efficiency, increased reactor lifetime, and increased economic viability. The TRA will address
the program's incremental alloy development stages 1-5. Currently the program is in stage 5 of
development. With completion of stage 5 this document will define what additional
improvements must be made and what additional testing is needed for incorporating the metallic
composite piping technology into nuclear reactors. It is predicted that this alloy will reach its
initial operational capability within the next 5-10 years.
152
3.3 System Description
The overall composite system design can be seen below in Figure 108. What is unique about this
system is that it consists of a composite of two materials: a Grade T91 base structural layer with
a thin Fe12Cr2Si corrosion resistant barrier. This gives the composite superior mechanical
properties as well as superior corrosion resistance. The corrosion resistant layer is applied with a
common weld overlay process at the extrusion billet stage and the two materials are co-extruded
into piping / fuel cladding material. This process is also applicable for protecting many other
steel and stainless steel materials. In addition, since the Fel2Cr2Si material is applied by
overlay welding, the same process can be applied to complex shapes such as valves, pump
casings and other shapes. It should be noted that the choice of T91 for the structural component
was based on availability of material in sufficient quantities and with a processing as well as a
fabrication base. This includes welding. As long as the chosen structural material is compatible
with theFe12Cr2Si ferritic microstructure it is anticipated that the performance would be similar
to the Fe12Cr2Si/Grade 91 combination.
In order for the composite to work properly the Fe l2Cr2Si layer must remain protecting
throughout the life time of composite. There are three primary mechanisms by which the
Fel2Cr2Si layer can degrade. The material from the Fel2Cr2Si layer can be lost due to general
corrosion, surface defects in this layer can circumvent its protective abilities, and lastly the layer
can degrade from diffusional processes potentially aggravated by radiation damage. How much
Fel2Cr2Si must be applied to the T91 base layer will depend on the combination of these three
affects. As Figure 108 illustrates, over the life of the component the corrosion resistant layer
must remain intact and not degrade either due to loss due to general corrosion, mechanical
damage or dilution of the composition due to mixing at the layer/structural alloy interface.
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Figure 108: Basic structure of the functionally graded metallic composite [1].
Corrosion
The rate at which structural materials corrode in lead and lead-bismuth coolant is highly
dependent on the amount of dissolved oxygen within the coolant. Figure 109 below shows how
the corrosion behavior changes with oxygen content in molten lead. At oxygen concentrations
less than 10-8 wt%, corrosion occurs by liquid metal corrosion and dissolution. At oxygen
concentrations greater than 10-8 wt%, corrosion occurs by oxidation. In both cases the depth of
corrosion increases as one moves away from 10-8 wt% oxygen concentration. This is why most
Pb and LBE cooled reactors tend to operate in the regime of 10-6 - 10-8 wt% dissolved oxygen
concentration in the coolant.
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Figure 109: Diagram showing the corrosion behaviour of Cr-Steels in different oxygen regimes
[7].
For a structural alloy to be protected against LBE corrosion, it must form a protective layer /
coating on its surface. The coating can be either oxide based or, for very reducing conditions,
could be a layer containing elements that are insoluble in the coolant. In either case a barrier to
corrosion/dissolution is established. Lead and lead-bismuth eutectic have a finite solubility for
oxygen like most working fluids. These coolants are incompatible with most ferrous structural
materials due to a combination of low oxygen potential and high temperatures leading to the
breakdown of protective iron oxides. Most alloys are incompatible with lead and lead bismuth
because of these coolants high solubility for Ni and Cr [8].
In 2006 J. Y. Lim successfully developed a lead-bismuth corrosion resistant alloy [10]. The
basic composition of this alloy is Fe with 12wt% Cr and 2wt% Si. This alloy has demonstrated a
resistance to corrosion in lead and lead-bismuth eutectic which make it feasible to use at
temperatures up to 700C. This alloy works by forming a dual oxide layer at temperatures above
560*C (Cr and Si based) which provides excellent corrosion protection even at low oxygen
potentials [10]. If sufficient oxygen is present it is also possible to form iron oxides but for this
system the oxygen potential is maintained below the iron oxide formation potential and above
the chromium oxide formation potential. Figure 110 below shows that in general as one adds
more silicon or chromium to the material one improves its corrosion performance. However the
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chromium concentration cannot much exceed 12% as this can cause o-phase precipitation which
weakens the alloy. The weight % of silicon is also limited to <2.5% as more silicon leads to
susceptibility to radiation embrittlement [7].
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Figure 110: Diagram of alloying element concentration vs. weight loss
LBE [7].
for low-alloy steels in
Diffusional Degradation
Figure 110 illustrates a second concept, degradation by diffusion. The Fel2Cr2Si layer has an
enrichment of chromium and silicon compared to the base material Grade9l (9Cr IMo 0.22Si).
At the reactor operational temperature, 650-700'C the atoms within the two materials are very
mobile, and the chromium and silicon from the Fel2Cr2Si layer would like to diffuse into the
Grade 91 base layer. This depletes the region at the interface of these two materials of Cr and Si
making it more susceptible to corrosion. Thus one must have a good idea at how far into the
protective material this depletion zone extends. A lower limit for protective capability of the
FeCr2Si material has been placed at 10.5wt% Cr and 1.25% Si.
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Surface Flaws / Defects
Lastly, in the process of machining and fabricating this composite material there is the potential
of creating defects on the surface of the Fel2Cr2Si layer. One must understand how common
these defects are and the defect size, so that one can re-engineering the fabrication process to
reduce these defects and/or engineer the Fe 1 2Cr2Si layer thickness to accommodate potential
flaws.
Shown below in Figure 111 is the final composite fuel cladding and composite piping material
designs. This figure gives one a good idea of how the relative thickness of the Fel2Cr2Si layer
compares to the base structural material.
2 "OD
30mil Inner Cladding 800 gm
FGC Piping with inner corrosion-resistant layer
0.28" OD
-3mil Cladding z80 m
-30mil Pipe Wall
FGC Fuel Cladding with outer corrosion-resistant layer
Figure 111: Final design for the metallic composite fuel cladding and piping [1].
4.0 Program Technology Risks Summary and Readiness Assessment
4.1 Process Description
The following lists the members of the functionally graded composite development team and
their areas of expertise:
Dr. Ronald Ballinger - Sc.D. Nuclear Materials Engineering, Professor of Nuclear Science and
Engineering, Materials Science and Engineering at the Massachusetts Institute of Technology
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Elliott S. Fray - B.S. Materials Science and Engineering, Masters Candidate in Nuclear Science
and Engineering at the Massachusetts Institute of Technology
Y J. Lim - PhD Nuclear Science and Engineering at the Massachusetts Institute of Technology
Jose Burgos - B. S. Candidate in Materials Science and Engineering at the Massachusetts
Institute of Technology
Mike P. Short - PhD Nuclear Science and Engineering, M.S. Materials Science and Engineering,
Research Scientist at the Massachusetts Institute of Technology
Peter Stahle - B.S. Mechanical Engineering, Research Engineering at the H. H. Uhlig Corrosion
Laboratory (MIT)
Keith Woloshun - Head Engineer at LANL Delta Loop
Magda Serrano De Caro - Engineer at LANL Delta Loop
The fundamental technologies of this system are 1) the Fe12Cr2Si corrosion resistant alloy and
2) the Grade 91 / Fel2Cr2Si functionally graded metallic composite. The Fel2Cr2Si corrosion
resistant alloy was identified and developed by Dr. Ballinger and Y. J. Lim in 2006 [10]. The
Fel2Cr2Si corrosion resistant alloy was further developed by Dr. Ballinger and M. P. Short in
2010 [1]. The development process included static lead-bismuth eutectic corrosion tests in
reducing and oxidizing conditions at temperatures up to 700'C. The Grade9l / Fe12Cr2Si
functionally graded metallic composite was identified and developed by Dr. Ronald Ballinger
and M. P. Short in 2010 [1]. The effects of inter-diffusion between the Grade9l and Fel2Cr2Si
material were investigated. Short then studied the effects of static lead-bismuth eutectic
corrosion on the constituent Grade 91 and Fel2Cr2Si materials at 600 C and 700'C in reducing
and oxidizing conditions with respect to the iron oxide formation potential. Lastly a commercial
feasibility study was performed to determine the potential for fabricating this metallic composite
into piping and nuclear fuel cladding material. From 2011-2013 the composite system was
further developed by mechanical testing, 1000hr static corrosion testing in LBE at 700'C, and
1000hr diffusion tests by E. Fray [41].
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4.2 Identification of Technologies Assessed
The two fundamental technologies of this system are: (1) the Fel2Cr2Si corrosion resistant alloy
and (2) the Grade 91 / Fel2Cr2Si functionally graded metallic composite. Both technologies
were assessed in a relevant operational environment. This operational environment is a 700'C
bath of static LBE. The oxygen partial pressure in the bath is maintained below the formation
potential for lead oxide (PbO) and bismuth oxide (Bi2O3) (Figure 112 below). The oxygen
partial pressure is kept below the formation potential for lead oxide and bismuth oxide in order to
reduce the formation of these compounds in the coolant system which could lead to blockages
[12]. The oxygen partial pressure however is also kept above the formation potential for
chromium oxide (Cr 2O3), to insure that the Fel2Cr2Si layer remains protecting. The new reactor
operating window below illustrates how the Fel2Cr2Si corrosion resistant alloy expands the
potential operating regime for LBE cooled nuclear reactors. The upper temperature limit was set
based on the corrosion rate of the Fel2Cr2Si material. The lower temperature limit was chosen
because of the lowered reactor efficiency below this temperature.
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Figure 112: Relevant operational environment for the functionally graded metallic composite
[10].
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Figure 113 below describes each technology, its function in the system, and the environment in
which it will operate. Both of these technologies are critical to solving the issue of corrosion in
the DOE's Pb or Pb/Bi Eutectic cooled Fast Reactor.
Figure 113: Relevant technologies for the Functionally Graded Composite Fuel Cladding and
Piping Systems.
4.3 Team's Assessments of Technological Risk and Technology Demonstration in a Relevant
Environment
4.3.1 First Technology: The Fel2Cr2Si Corrosion Resistant Alloy
The Fel2Cr2Si corrosion resistant alloy consists of Fe with 12wt% Cr and 2wt% Si. It is a
ferritic stainless steel. It can be easily drawn into weld wire and weld overlaid as a protective
layer on other structural materials [I]. This alloy works by forming a dual oxide layer (Cr and Si
based) which provides excellent corrosion protection even at low oxygen potentials [10]. This
material is used as the primary barrier to corrosion in the functionally graded composite system.
Corrosion tests were performed at 600'C and 700'C in static LBE in both reducing and oxidizing
conditions. Figure 114 below shows the harshest environmental testing conditions that the
Fel2Cr2Si was exposed to: 700'C LBE.
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Technologies of Interest
Description Function Operational
Environment
Fel2Cr2Si Ferritic stainless steel Corrosion resistant Flowing Pb or LBE,
Corrosion material with a 2wt% barrier in FGC. 450-7000 C,
Resistant silicon enrichment. [H2]/[H20] : 0.001 -
Alloy 10,000 ppmV.
Functionally Consists of a Fel2Cr2Si Functions as fuel Flowing Pb or LBE,
Graded corrosion resistant alloy cladding or piping 450-7000 C,
Metallic weld overlaid on a material in the DOE's Pb [H2]/[H20] : 0.001 -
Composite ferritic/martensitic Grade or LBE cooled Fast 10,000 ppmV.
(FGC) 91 steel. Reactor
Environment Time H20 Vapor H2/H20 H2/H20
(hr) (ppmV) Ratio Ratio(± la interval)
0 2.57±4.50 778 283 - oo
Reducing 70 2.23±1.58 896 525 - 3072
LBE at 245 2.40±2.72 833 390-oo
7150C 506 2.22±1.69 901 512-3738
0 1,914±1,499 1.045 0.208 - 1.707
Oxidizing 70 1,895±78.8 1.055 1.013 - 1.101
LBE at 245 2,310±123.9 0.866 0.822 - 0.915
700 0C 506 1978±124.9 1.011 0.951 - 1.079
Figure 114: Environment under which the Fel2Cr2Si corrosion resistant alloy was tested [11].
In order to determine the corrosion rate of the Fel2Cr2Si corrosion resistant alloy, Secondary
Ion Mass Spectroscopy (SIMS) was performed on all of the corrosion coupons. It was found that
the chromium and silicon intensity dropped to bulk composition values at less than 200nm. The
highest level of exposure coupons were also observed under optical microscopy. No
distinguishable oxide layer was observed under optical microscopy (Figure 115).
(a) After 506 h in 7150 C reducing LBE (b) After 506 h in 7000 C oxidizing LBE
Figure 115: Optical micrographs of the 506hr Fel2Cr2Si corrosion coupons at 200x [11].
The longest exposure Fel2Cr2Si sample, 506 hour oxidizing, was therefore analyzed with
scanning electron microscopy (SEM). Figure 116 below shows the Fel2Cr2Si material after
506hrs of exposure to LBE at 700'C. At the base of this figure is the Fel2Cr2Si metal, the white
porous material on the surface is the oxide layer, and the black material is the mounting
compound. What this figure shows is that the corrosion rate is extremely slow for this material.
The oxide layer thickness is 217-691nm after 506hrs. Using a linear extrapolated corrosion rate
the average corrosion rate in static LBE is estimated to be 7um / year. Fuel cladding and piping,
with 80um and 800um thick Fel2Cr2Si, would last on average 11 yrs and 114 yrs operation
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under these oxidizing conditions. The reducing condition is expected to show a lower oxide
layer thickness. This 7um/yr corrosion rate is very conservative. Iron is known to have an
oxidation behavior which follows a parabolic rate law, where the oxide layer thickness
approaches an asymptotic value as a time progress's [26]. The oxidation rate for this material is
expected to be proportional to the square root of time (sqrt(t)) and not simply proportional to
time ( t ) [26].
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Figure 116: Shows the Fel2Cr2Si material after 506hrs of exposure to LBE at 700C [11].
The Fe12Cr2Si corrosion resistant alloy has therefore been proven to prevent corrosion under an
environment which is similar to what the material will experience in a nuclear reactor. The one
aspect that this experiment did not encompass is the affect of flowing LBE. Materials in flowing
LBE will corrode quicker than materials in static lead bismuth. The rate of dissolution by flow
assisted corrosion is proportional to the solubility of the metal in the coolant, the difference
between the inlet and outlet temperature in the reactor core, and the velocity of the coolant [24].
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One primary risk-mitigation activity must be planned for this technology in the future. This
activity will encompass characterizing the long term flowing corrosion properties of the
Fel2Cr2Si corrosion resistant alloy. This test will be carried out in the Los Alamos National
Laboratory ( LANL) flowing LBE Delta loop. Upon completion of this risk mitigation activity
the affects of flow assisted corrosion will be characterized for the Fel2Cr2Si material. This will
allow proving its operation in a relevant environment and further quantify the corrosion rate of
this material. While the Delta Loop is capable of flow velocities that exceed 4 m/sec the
temperature limit is 500'C. There is some concern that the upper temperature limit of this loop
(500'C) will not be able to reproduce the results of the static corrosion tests. Thus to reproduce
these results and to push the bounds of the LBE cooled reactors, future tests should try to
incorporate a hot-leg into the DELTA loop which can run at 600-700'C and 5m/s.
4.3.2 Next Technology: The Functionally Graded Metallic Composite
The functionally graded metallic composite consists of an GradeT91 base structural layer with a
thin Fel2Cr2Si corrosion resistant barrier. The GradeT91 material provides mechanical strength
to the composite while the Fel2Cr2Si provides corrosion resistance. This material is intended to
function as nuclear fuel cladding and piping material in the DOE's Pb or LBE Cooled Fast
Reactor.
Commercial Feasibility Study
In the commercial feasibility study, ingots of the Fel2Cr2Si material were produced and
processed down into 0.86mm weld wire. The weld wire was then weld overlaid on 25.4 cm
(10") outer diameter (OD) x 60.9 cm (24") long cylindrical billets of a ferritic/martensitic
Grade91 steel. For the fuel cladding the Fel2Cr2Si weld wire was weld overlaid on the outer
diameter of the GradeT91 cylindrical billet that had been center drilled. For the piping material
the Fel2Cr2Si weld wire was weld overlaid on the inner diameter (ID) of the GradeT91
cylindrical billet that had been center drilled. These billets were then extruded into Tube
Reduced Extrusions (TREX) 9.52 cm (3.75") OD 518 cm (408") long (TREX) tubing at
-1200'C. The ID clad TREX tubing was then drawn in to 5.08 cm (2") OD schedule 80 piping
material. Figure 117 below shows the processing scheme for the fuel cladding and piping
material [1].
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F91 (90, 0 1Ni, lio, 0.2V, OAMn, 0.0751, O4Si 0.IC. W f)
Coolant Piping Fuel Cladding
Reduce OD to 9.84" Reduce OD to 9.00"
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30mil Wall. ~3mil Clad
Figure 117: General processing scheme for creating the functionally graded metallic fuel
cladding and piping material. The circles represent the current condition of the piping and fuel
cladding materials.
The commercial feasibility study produced over 15 meters of 2" OD schedule 80 piping material
and 9.52 cm (3.75") OD TREX material for drawing to fuel cladding [1]. Evaluation of the
composite piping material showed that all pipes contained the Fel2Cr2Si corrosion resistant
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material on the inner diameter. The average Fel2Cr2Si layer thickness for a typical 30 cm (12")
section of pipe was 428um (roughly half of the designed thickness). The standard deviation of
the cladding layer thickness was found to be 125um. This low standard deviation shows that
there is an even distribution of cladding along the length of the pipe. The radial distribution of
cladding material however was not as even (Figure 118 below). For an average 30 cm (12")
section the cladding layer thickness reached a minimum value of 91 um at one point in the radial
direction.
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Visual, Optical Microscopy, and Borescope inspection showed that there was cracking present in
the Fel2Cr2Si layer which extended the entire length of each pipe. This cracking extended
through the Fel2Cr2Si layer into the base Grade9l material. No cracking was seen in the piping
TREX tube before tube drawing. Therefore the cracking occurred during this processing stage.
This issue must be solved before the piping or fuel cladding material can be incorporated in a
nuclear reactor. Based on discussions with tubing/piping fabricators experience with grade 91
material, the cracking that was observed will easily be eliminated once the overall process is
optimized.
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Recommended Risk Mitigation Activity
The team has identified a risk mitigation activity for this aspect of the composite technology. It
is recommended that when drawing the TREX tubing to schedule 80 dimensions or fuel cladding
material, that intermediate annealing stages are incorporated between dies and the number of
reduction steps increased to reduce residual stresses and cracking of the Fel2Cr2Si layer. A
more even stress distribution in the radial direction will also insure that the Fe12Cr2Si layer has
a more even thickness in this direction.
Heat Treatment and Mechanical Properties
The mechanical properties of the functionally graded metallic composite are very important to
controlling the composites performance in the nuclear environment. The amount of load the
pipes and fuel cladding can support and the composites susceptibility to failure under stress will
be a function of its mechanical properties. While the Grade 91 material would not necessarily be
the material of choice for an actual application, the Fel2Cr2Si layer must be able to survive the
thermo-mechanical processing of the structural material. Therefore an optimized heat treatment
was developed and applied to the composite piping material using the Grade 91 material.
Tensile properties of the composite piping material were evaluated at 25'C and 700'C. Shown
below in Figure 119 are the results from these tests.
Tensile Test Data Summary for ID Clad Pipe
Section ID 6 5 4 1 T91 Standard [19]
Temperature ( C) 21 22 699 700 25
Elastic Modulus (GPa) 189 --- --- --- ---
0.2% Yield Strength (MPa) 533 513 142 141 415
Ultimate Strength (MPa) 654 632 156 166 585
% Elongation 22 23 33 27 20
Figure 119: Test matrix summarizing the results of the ID clad pipe #4 tensile tests as compared
to the minimum standard for T9 1.
It was found that the 0.2% yield strength, ultimate strength, and % elongation in the samples
tested at 25'C exceeded the ASTM-A335 minimum requirements for Grade 91: 415MPa,
585MPa, and 20% [19]. Thus one would expect the functionally graded composite material to
have similar mechanical performance to Grade9l in the nuclear environment absent the effect of
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radiation damage if present. During all of the mechanical tests there was no disbonding observed
between the protective Fe12Cr2Si material and the base Grade 91 layer. This test however has
brought another issue to light. When the composite piping product is operating at 700'C the
ultimate strength of this material is only 25% of its value at 25'C.
Recommended Risk Mitigation Activity
The team has identified a risk mitigation activity for this aspect of the composite technology.
ODS alloys have been shown to have a factor of 2 greater ultimate tensile strength at 700'C [39].
If the Fel2Cr2Si corrosion resistant alloy is coupled with an ODS alloy, the mechanical
performance of the functionally graded metallic composite will be greatly improved, and its risk
mitigated.
Corrosion Study
The functionally graded metallic composite was subjected to a 1000 hr corrosion test in static
LBE at 700'C in a reducing (with respect to the iron oxide formation potential) gas environment.
The corrosion specimens were then analyzed with optical microscopy, SEM, and EDX to
determine the rate of corrosion in this condition. The composite material has a Fel2Cr2Si layer
which must resist LBE corrosion over the life time of the nuclear reactor. It is important to
understand that rate at which Fel2Cr2Si layer in the composite corrodes so that we can predict
the lifetime of this technology in the nuclear environment. Seen below in Figure 120 are the
actual testing conditions.
Figure 120: Gas composition for the PBE corrosion test at 700'C in reducing conditions. The gas
composition values at 722'C are for the composite (T91/Fel2Cr2Si).
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H20
Environment Time Vapor H2/H20 H2/H20
Ratio(± lI
(hr) (ppmV) Ratio interval)
Reducing
LBE at
7220C 1000 3.54±1.10 2441 588-10991
Figure 121 shows that the average linear extrapolated corrosion rate for the Fel2Cr2Si layer in
the piping product is 22um/yr. The average linear extrapolated corrosion rate for the Fe12Cr2Si
material is 7um/yr as measured by Short [11]. The corrosion rate of the piping product in
reducing conditions is -3 times the corrosion rate measured for the Fe12Cr2Si material. This
higher corrosion rate may be due to the 2.7-3.1 times higher average H2/H20 cover gas ratio used
when corrosion testing the composite material in reducing conditions. Fuel cladding and piping,
with 80um and 800um thick Fel2Cr2Si, would last on average 3.6 yrs and 36.3 yrs operation
under the reducing conditions used in this experiment. It is expected that with more extensive
testing the average corrosion rate for this material will be much lower than the linear
extrapolated corrosion rate. The oxidation rate for this material is expected to be proportional to
the square root of time (sqrt(t)) and not simply proportional to time ( t ) [26].
Average Linear
Oxide Layer Extrapolated
Environment Measurement Method Thickness Corrosion Rate
Reducing LBE at 715'C
and Oxidizing LBE at
700'C for 506 hrs [11] SEM 0.100 - 0.690 um [11] 7 um/yr
Reducing LBE at 722C
for 1000 hrs Optical Microscopy 2.46 um 22 um/yr
Figure 121: Oxidation rates for the Fe-12Cr-2Si material compared to the Fe-12Cr-2Si layer in
the metallic composite.
Once again the experiment was not able to encompass the affects of flowing LBE. Materials in
flowing LBE will corrode quicker than materials in static lead bismuth.
Recommended Risk Mitigation Activity
There is one primary risk-mitigation activity that is planned for this technology. This activity
will encompass characterizing the long term flowing corrosion properties of the functionally
graded metallic composite. This test will be carried out in the LANL flowing LBE Delta loop
and will allow us to prove the metallic composites can operate in a relevant environment and
further quantify the corrosion rate of this material.
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Weld Studies
A commercial welding study was performed on the functionally graded metallic composite
(FGC) by Short et al. (2010) [1]. Welding is an important technology for combining FGC piping
in the primary loop and sealing FGC fuel cladding within the reactor core. It was found that "the
FGC can be welded according to ASME code using existing procedures and standards. Welding
according to existing procedures coupled with the prescribed quench-and-temper heat treatment
for alloy F91 produces a sound weld with little to no heat affected zone (HAZ). Any remaining
HAZ can be removed by further tempering, eliminating the possibility for Type IV cracking on a
properly heat treated part" [I].
Figure 122 below shows a photo montage of the ASME certified weld in the Grade 91 /
Fel2Cr2Si composite. "The weld was made by grinding a double bevel into the composite and
then, by filling the weld to 2.5mm (0.1") with Fe-12Cr-2Si. Finally the weld was back filled
with T91 weld wire. The dots mark the boundary between the two welds". Heat affected zones
are most easily determined by looking at the grain size in each layer of the base metal close to
the weld. "A HAZ would have been marked by a region of smaller, more uniform grains directly
adjacent to the weld. The grain size close to the weld, shown in figure 122, however is similar to
that far from the weld". This indicates that a proper post-weld heat treatment took place and that
there is a lack of any appreciable degree of HAZ [1].
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Figure 122: Photo montage of the ASME certified ID-clad weld. This weld was performed on
the functionally graded metallic composite [1].
Silicon Diffusion Studies
It is critical that the functionally graded metallic composite remain diffusionally stable over its
service life time in the LBE cooled nuclear reactor. The protective nature of the Fel2Cr2Si layer
is highly dependent on its Cr and Si enrichment. If the enrichment is depleted, due to diffusional
processes with the base T91 layer, the Fel2Cr2Si layer will become susceptible to corrosion. A
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lower limit for protective capability of the FeCr2Si material has been placed at 10.5wt% Cr and
1.25% Si.
Diffusion Couples: The diffusional stability of the composite material was studied by placing
various samples from specially made coupons in a furnace at the relevant reactor operational
temperature (700C) for up to 1000hrs. The chromium concentration at the Fe12Cr2Si / Grade9l
interface was then assessed line electron probe microscopy. The distance to the edge of the
depletion zone in the Fe12Cr2Si layer was then measured and is plotted below in Figure 123.
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Figure 123: A log-linear curve fit to location of minimum silicon content in the Fe12Cr2Si layer
in the metallic composite during reactor operation at 7000C.
Figure 123 shows that the depletion zone in the Fe12Cr2Si layer will not extend further than
35um into the material. Therefore the fuel cladding and piping material, created from the
functionally graded metallic composite will be diffusionally stable for their respective life times.
Chromium Diffusion Studies: Actual Piping Material
The diffusional stability of the composite material was studied by placing various coupons in a
furnace at the relevant reactor operational temperature (700'C) for up to 1000hrs. The chromium
concentration at the Fel2Cr2Si / T91 interface was then assessed with line EDX scans. The
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distance to the edge of the depletion zone in the Fel2Cr2Si layer was then measured and is
plotted below in Figure 124.
Extrapolated Chromium Diffusion Distance vs. Time
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Figure 124: A log-linear curve fit to location of minimum chromium content in the
layer of the metallic composite during reactor operation at 700C.
Fel2Cr2Si
Figure 124 shows that over the lifetime of the fuel cladding and coolant piping material one does
not expect the chromium depletion zone to move further than 35 um into the Fel2Cr2Si layer.
On the contrary chromium was shown to build up within 100um of the Fel2Cr2Si / Grade9l
interface in the Fe12Cr2Si layer. The 1000hr corrosion study at 700 C has shown precipitates in
this region within 150um of the interface. These precipitates are thought to be chromium
carbide. While chromium carbide may be detrimental to the mechanical performance of
structural materials, the Fel2Cr2Si layer does not have a mechanical purpose. As long as the
average chromium concentration at the surface of the material stays above 10.5wt% the
protective barrier should remain protective.
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Recommended Risk Mitigation Activity
There was a degree on non-concurrence among the team on the subject of chromium carbide
precipitation in the Fe12Cr2Si layer. It is thought by some that this precipitation may degrade
the performance of the Fel2Cr2Si layer by making the grain boundaries susceptible to cracking.
By increasing the carbon concentration in the Fe12Cr2Si layer one may reduce the inter-
diffusional based chromium carbide precipitation. There is also some concern over that the
sensitivity of the measurements made during this test are not sufficient to determine the long
term chromium diffusion in the Fel2Cr2Si layer. Thus there are two planned risk mitigation
activities for this aspect: The first should include corrosion testing of a higher carbon content
Fel2Cr2Si layer in the functionally graded metallic composite. The second should utilize a more
accurate measurement method, such as electron probe microscopy, to measure the depth of
chromium diffusion in the Fel2Cr2Si layer.
5.0 Summary
In conclusion the above information was used to determine the technology readiness level of our
two technologies: the Fe12Cr2Si corrosion resistant alloy and the functionally graded metallic
composite. The technology readiness level of each technology was calculated with an AFRL
Transition Readiness Level Calculator, Version 2.2 [42].
Technologies of Interest
Technology
Readiness Level Recommended Risk Mitigation Measures
Fel2Cr2Si Corrosion Corrosion: Conduct flow assisted corrosion
Resistant Alloy TRL 4 studies.
Fabrication: Reduce cracking in the
composite pipe drawing stage.
Mechanical: Couple Fe12Cr2Si material with
an ODS alloy.
Functionally Graded TRL 4 Corrosion: Conduct flow assisted corrosion
Metallic Composite (FGC) studies.
Diffusion: Increase carbon concentration to
increase diffusional stability of Fe12Cr2Si.
Diffusion: Reanalyze chromium
concentration profile in composite.
Figure 125: Summary of the technology readiness levels and risk mitigation measures for the two
assessed technologies.
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The readiness level calculator has determined that the Fe12Cr2Si corrosion resistant alloy and
functionally graded metallic composite are at TRL 4. In order to reach TRL-5
(System/subsystem/component validation in relevant environment.) The FGC will need to be
tested in prototypic flow velocity environments. These tests are currently being performed at the
Los Alamos national Laboratory. In addition, initial radiation damage performance will need to
be evaluated. In order to reach TRL-6 (System/subsystem model or prototyping demonstration
in a relevant end-to-end environment (ground or space) the FGC will have to be used, including
welding and cladding of complex shapes, in a prototype loop at prototypic flow velocities and
temperature. In addition, full design dose irradiation performance will be needed. In order to
reach TRL-7 (System prototyping demonstration in an operational environment (ground or
space)) the manufacturing process will need to be optimized and commercial quantities of the
material produced. Radiation performance of the complete article will be required. The tube
drawing conditions for the composite material must be adjusted to optimize the properties
(thickness, defect free) of the protective barrier. With the fulfillment of the recommended risk
mitigation measures these technologies promise to extend the lifetime, economic viability, and
baseline power generation of the DOE's LBE Cooled Nuclear Reactor.
With the fulfillment of the recommended risk mitigation measures these technologies will be
well on their way to being integrated in the DOE's LBE Cooled Nuclear Reactor.
6.3 Overall Conclusions
This study has further developed an exciting technology which promises to enable the LBE
cooled reactors to operate at temperatures up to 650-700'C. This exciting new technology is a
functionally graded composite steel which resists high temperature LBE corrosion. This
composite steel consists of a Fel2Cr2Si protective layer weld overlaid on T91 and then drawn to
fuel cladding and piping material. It has been shown that the heat treated composite piping
material exhibits mechanical properties in excess of the ASTM minimum standards for T91.
This material also exhibits a corrosion rate of < 22um/yr enabling fuel cladding to have a 3.6
year lifetime and piping material a 36 year lifetime in static lead bismuth eutectic (LBE). This
material has also been shown to have a very slow diffusion rate for chromium, with a chromium
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inter-diffusion zone of < 35um over the lifetime of the nuclear reactor. There still however exist
several challenges to implementing this technology which include: resolving the issue of
cracking of the Fe12Cr2Si layer during tube drawing and increasing the high temperature stress /
creep resistance of the structural T91 layer. Fortunately, the weld overlay and extrusion process
for creating the functionally graded composite piping and fuel cladding are compatible with any
new structural material that is ferritic-based. The conclusions of this thesis involving diffusivity
and corrosion of the composite piping will be just as valid for the new ferritic base material.
With time and ingenuity the remaining issues can be resolved, thus creating an exciting new
technology for the LBE cooled nuclear reactor.
6.4 Future Work
Future work should focus on tackling three key issues, 1) solving the issues of cracks in the
Fel2Cr2Si layer by adjusting the conditions during tube drawing, 2) solving the issue of
chromium segregation in the Fe12Cr2Si layer through a reduction in concentration, and 3)
increasing the high temperature strength of the composite material through use of high
temperature alloys such as ODS.
The composite fuel cladding material is currently in a 3.75 OD TREX tubing form. With better
processing knowledge future work should focus on drawing this material down to fuel cladding
dimensions.
The excellent mechanical properties of the Fel2Cr2Si material have opened the door for its use
independent of the structural T91 layer. Future studies should look into measuring the strength
of this material at relevant reactor operating temperatures.
Future studies should look into the effects of irradiation on the inter-diffusion of chromium and
silicon between the protective Fel2Cr2Si layer and the base T91 material. Radiation is known to
enhance diffusion in materials and in order for the Fe12Cr2Si layer to remain protective the
chromium and silicon concentrations must remain above a critical level.
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Lastly, there are ongoing flowing corrosion studies currently being conducted on the composite
piping material at the LANL DELTA loop. These studies hope to quantify the effects of flow
assisted corrosion at 500'C and up to 8m/s coolant velocity for up to 3000 hrs. Our composite
material has been shown to be very resistant to corrosion at temperature up to 700'C. Future
studies should extend this corrosion test to longer time periods. Future studies should also look
to increase the velocity of the coolant to push the limits of the composite and increase the
baseline power generation of future LBE cooled nuclear reactors.
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Appendix A
Analysis of the Oxidizing Sample with H2 0 Transient
Figure 126 shows the microstructure of the piping material after exposure to LBE for 1000 hrs at
700'C in oxidizing conditions. Both the T91 and Fel2Cr2Si have a thick oxide layer as a result
of the moisture transient discussed in Section 4.5.1.1. The microstructure of the T91 layer for
this material does not appear to have changed during the 1000 hour corrosion test. The
Fel2Cr2Si however has developed ~7um precipitates within ~150um of the Fel2Cr2Si/T91
interface (Figure 127).
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Figure 126: Microstructure for the composite piping material after 1000 hours of exposure to
PBE at 700'C in oxidizing conditions. (Top) T91 surface and (Bottom) Fel2Cr2Si surface
(10Ox).
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Figure 127: (Top) Microstructure of Fel2Cr2Si layer before corrosion testing. (Bottom)
Microstructure of Fe12Cr2Si layer after 1000 hours of exposure to PBE at 700C in oxidizing
conditions (200x).
The thickness of the oxide layer was analyzed for the piping material after exposure to LBE for
1000 hrs at 700'C in oxidizing conditions. Figure 128 shows the oxide layer thickness for the
T91 and Fel2Cr2Si layers in the piping material. The T91 layer had a very localized form of
corrosion. The T91 was oxidizing in localized pits 200-1 000um in width. Figure 128 shows a
grey -150 um oxide layer on the surface of the T91 material in one of these "pitted" regions.
What appear to be large spherical inclusions in this layer are in fact peaks in oxide layer where
material has broken off during polishing. The rainbow haze at the edge of the pit is a remnant of
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the 0.05um colloidal alumina polishing solution. The Fel2Cr2Si had a ~106 um (88 urn
average) oxide layer thickness. The oxide on the Fel2Cr2Si material is permeated with cracks.
The cracks contain a grey material which is further analyzed next.
Figure 128: Oxide layer for the piping material after 1000 hours of exposure to PBE at 7000C in
oxidizing conditions. (Top) T91 surface and (Bottom) Fel2Cr2Si surface. Note that this
material was subject to a large spike in moisture which caused the oxygen potential in the
furnace to be much higher than the average oxygen potential for a 1 hr window (200x).
The 1000 hr corrosion specimens of the piping material were further analyzed with a JOEL JSM-
66102V Scanning Electron Microscope. The samples were analyzed with a combination of back
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scatter electron microscopy (BSE), secondary electron microscopy (SEI), and energy dispersive
x-ray analysis (EDX). The results can be seen below in Figures 129-133.
Figure 129 shows the surface of the Fel2Cr2Si layer after 1000 hours of exposure to LBE at
700C in oxidizing conditions. Figures 130 and 131 show EDX analysis of several key areas in
the oxide portion of the Fel2Cr2Si layer. The oxide layer on the Fel2Cr2Si material is
permeated with large intergranular cracks. In between these cracks there appears to be both
silicon oxide and chromium oxide (EDX SCAN 1). Within the large oxide grains is a
"Christmas tree" shaped black material which extends in from the surface of the oxide layer. At
first it was thought that this was LBE permeating into the oxide. The EDX SCAN 2 however
shows that these black "Christmas tree" regions are enriched in silicon, oxygen, and chromium.
Thus these regions are likely a silicon oxide or chromium oxide material. For comparison, an
EDX scan was also performed on the bulk oxide layer on the surface of the Fel2Cr2Si material
(EDX SCAN 3). This scan showed high concentrations of chromium, iron, and oxygen in this
region. Thus the bulk of the oxide layer in the oxidizing samples Fel2Cr2Si material appears to
be a mix of iron oxide and chromium oxide.
Figure 129: Surface of the Fel2Cr2Si layer after 1000 hours of exposure to LBE at 700'C in
oxidizing conditions (500x BSE 20kV beam). The surface is oriented upward. The red dots
indicate areas where an EDX analysis was performed. The results of the EDX Analysis are
shown below in Figures 130 and 131.
184
reurSl
rC
L
Pb Pb
Pb Pb
p-ft Pb-
CrFeC Cu
,. Fep, Cu Ccu
Pb
Pb Pb Pb
Pb Pb Pb Pb Pb
20K -
I.OK -
Iccr~, unane-...
4?
C,
r
.CU
Si
PbI b Pb
ft- Pb
Cr Fe CU Pb
I*fC Cu Cu Pb Pb Pb
Ak L-Cu Cu Pb Pb P Pb
5 10 15 kcy 5 10 Is keV
cursor Cunor-
VeI=2687 Window 0.005 - 40.955= 70,168 cat vaV-2964 Window 0.005 - 40.955= 68,584 cm
EDX SCAN 1 EDX SCAN 2
Figure 130: EDX analysis of the surface of the Fel2Cr2Si layer after 1000 hours of exposure to
LBE at 700C in oxidizing conditions (500x BSE 20kV beam). Scan 1 is dot 1 in Figure 129.
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Figure 131: EDX analysis of the surface of the Fel2Cr2Si layer after 1000 hours of exposure to
LBE at 700C in oxidizing conditions (500x BSE 20kV beam). Scan 3 is dot 3 in Figure 129.
Figure 132 shows the surface of the T91 layer after 1000 hours of exposure to LBE at 700C in
oxidizing conditions. The surface of the T91 material contains deep pits which are surrounded
by cracks. This backscattered electron image shows dark fingers of material that start from the
surface and penetrate deep into the T9 1. It was thought at first that these fingers were LBE, but
upon analysis with EDX (Figure 133) one sees a high chromium and oxygen concentration in
this region. It is thought that the LBE attacks preferentially at the cracked areas surrounding the
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deep pit. It dissolves away the material in this area which then passivates with a chromium oxide
layer. When the chromium oxide layer becomes thick enough it cracks again, allowing more
LBE into the material and continuing the corrosion process.
Figure 132: Surface of the T91 layer after 1000 hours of exposure to LBE at 700'C in oxidizing
conditions (300x BSE 20kV beam). The red dots indicate areas where an EDX analysis was
performed. The results of the EDX Analysis are shown below in Figure 133.
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Figure 133: EDX analysis of the surface of the T91 layer after 1000 hours of exposure to LBE at
700"C in oxidizing conditions (300x BSE 20kV beam).
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This section has shown that the T91 material in highly oxidizing conditions LBE forms 200-
1000um in wide pits full of oxide. The oxide layer thickness for the T91 was ~150um. There
were no significant changes in the T91 microstructure after 1000hrs at 700'C. The Fe 1 2Cr2Si
layer however showed -7um white precipitates within 200um of the Fel2Cr2Si / T91 interface.
The Fel2Cr2Si layer displayed a 88um thick oxide layer. The oxide layer is primarily composed
of iron oxide and chromium oxide with enriched regions of silicon oxide and chromium oxide at
the former grain boundaries.
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